
MACi NETK^, CONTUOL 
of 

INDUSTRIAL MOTORS 



GKNKRAL ELEC'TRIC SERIES 


l\>wa^R System Stariliiy 

By Seldtn B. Crary. Volume 1: Ste<idy vSlate 
Stfibility. 291 pages. 152 figures. 5^2 8-^8* 

Cloth. 

Fields and Waves in Mor>ERN Radio 

By Simon Kamo tUi<l John R. Whinnery, S02 
pages. 214 ligurrs. 53^ by 8? 8- Cloth. 
Materials and Processes 

V^iWivdhy J. h\ Young, 628 pages. 410 figures. 
SH by 1^3 8- Cloth. 

Modern Turhines 

By L. K, Neivman, A. Keller, J. M. Lyons, 
L, B. Wales. Kclited by J E. Newman, 175 
page^- 93 figures. 5}2l Cloth. 

CiRCUjr ALYsis OF A-C Power Systems 

Volume I by Edith Clarke. 540 pages. 167 fig¬ 
ures. 5^ 2 by Cloth. 

Electric Motors in Industry 

By D. R, Shoults and C, /. Rife. Edited by 
T, C, Johnson. 389 pages. 219 figures. 6 by 9. 
Cloth. 

A Short Course in Tensor Analysis for 
Electrical Engineers 

By Gabriel Kron. 250 pages. 146 figures. 6 by 
9. Cloth. 

Tensor Analysis of Networks 

By Gabriel Kron. 635 pages. 330 figures. 6 by 
9. Cloth. 

Transformer Engineering 

By L. F. Blume, G. Camtlli, A. Boyajian, and 
V. M. Montsinger, Edited by L. F. Blume. 496 
pages. 348 figures. 6 by 9. Cloth. 
Mathematics of Modern Engineering 

Volume I by Robert E. Doherty and Ernest G. 
Keller. 314 pages. 83 figures. 6 by 9. Cloth. 
Volume II by Ernest G. Keller. 309 pages. 91 
figures. 6 by 9. Cloth. 

Travelinc vVaves on Transmission Systems 

By L. V. Btwley. 334 pages. 133 figures. 6 by 
9. < oth. 

Vibration Prevention in Engineering 

By Arthur L. Kimball. 145 pages. 82 figures. 
6 by 9. Cloth. 


Published by JOHN WILEY & SONS, Inc. 





MAGNETIC CONTROL 

of 

INDUSTRIAL MOTORS 


GERHART W. IIEUM\NN 

(Umirol Krujirieenn{j f {ion 
A Pint rafus / )ejmrtn ,.. ti 
General Klednc ConifHuiY 


S. T. 1971-% 


One of a Series wrilleri in the inleresi of 
llie (ieneral Klecirie Adraneed 
Kngineering Program 


NEW YORK 

JOHN WILEY & SONS, INC. 
London • C1IA.PMAN & HAIJj, Limited 
19t7 



Cop^iiifHT 1047 
m 

GiNIIUI llI-CTriK COMIANl 

All Hufhts Jl(Sfrt(d 

Tilt’s hool or am/ pari tin nof mu i not 
It It prod net t! 'tn ant/ fonn uithouf 
the urUitn jK/nusston oj tlu pidUslut 


SI ( osrj I KIN 11 \< n I ^ 104 s 


PKINllD IN THI UN IT to SIATFS OT AMFRIC\ 



T() 

Marianne Bobby Ileuniann 




PREFACE 


From Fmall beginnings, llie industrial control industry has grown 
to resj)ectal)le size. Behind the motors sui)i)lying j)()\ver for indus¬ 
trial ])roduction, stands the control (‘(|ui])m(‘nt, n'cognizt'd as an 
essential partner, directing the performance of tlu‘ motor and all )rd- 
ing i)rotection to the drive and the' ope'rator. AMthhi the scope of 
control are (h'vices, controlh'rs for individual mot« v>, and integnited 
control systems for wliole prodiu'tion liiu's, involving a multiplicity 
of rotating and stationary powe'r apparatus. 

From an enginec'riiig ])oint of vi(‘\\, then' are tw(' major aN]H‘cts of 
control, design and application. \\ hereas the desigiuT concentrate's 
on a elevice e)r a circuit e)r a me'chanical arrange'ine'ut of ]nirts, the* 
ai)i)lication enginee'r must have* a kne)wl(‘elge' of what e'ontrol ecjuip- 
^ nu'uts can accomplish and wliat the re'fiuire-me'nts of a pai'ticular drive 
syste'iii are, and what peadoi'inane-e* e*an be* e‘Xi)e‘e*te‘d of varieais ty])e'S 
of motors. 

This is intc'nde'd to be an application ])ook. Tts aim is to explain 
perfe)rniance of me)t()rs, characte‘ristie*s of e'ontrol de*vie'es, and the 
function e)f comme)n]y useel ce)nti‘ol circuits. Complete ce)ntre)Ilers 
e)f various freepiently useal ek'signs are* dise'imse'd. Ihnphasis is ])laceei 
e)n e'emsiele'ration ge)verning the se'lection of contre)llers to perfen’in 
spee'ific je)bs. 

Chai)ters 2, 3, and 13 of the book cover in more de'tail Ihe* subje'e't 
matter that I have ])rcs('nteel in the seiial “l^asic lh'e)cedures in 
Motew Cemtrol,^^ which is curre'iitly appe'aring in tiu* dcncral Electric 
RcvicAV. The first installment wa'^ in the* May, 19-17, issue of that 
magazine. 

Perhaps mewe than any edher e'ngineering activity, cemtrol (*ngi- 
neering elepemels for its success em teaniwe)rk. A gre'at eleal of sin*- 
cialized kne)wledgo e)f mechanical anel electrical ]>hene)inena enters 
inte) the elesign of many a contred e'eiuijnnenl. I ae'kne)wleelge grate- 
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INTRODUCTION 


The engineering of industrial control equipment is both a science 
and an art. Given the mechanical characteristics of a drive, the 
performance characteristics of a motor, and the layout of a control 
equipment, the control engineer is in a position to calculate rigorously 
the performance which can be expected of the ecpiipment; that is to 
say, how fast the drive will run, within what time it will accelerate, 
what torque the motor will develoj), how it will decelerate, how the 
speed will react to torque changes, how accurately speed can be 
held, etc. 

However, it is often impossible to forecast accurately the per¬ 
formance of a drive because of difficulties in obtaining sufficiently 
correct mechanical data. When there is Iriction it is nearly impos¬ 
sible to calculate accurately the amount of power taken by a drive. 
The author recalls an instance where two lift bridge spans were 
built according to identical specifications and from identical sets of 
drawings. Both spans were constructed by reliable and responsible 
contractors who fully met the specifications. Nevertheless, when 
the two bridges were placed in service, one span took twice as much 
j)ower as the other one. It becomes then the task of the engineer to 
use projier judgment, and from his experience and knowledge of the 
application to design the control equipment so that it jiossesses suffi¬ 
cient flexibility for adequate performance, even if the mechanical 
characteristics of the drive vary over a wide range. 

Another problem confronting the control engineer is the variety 
of operating conditions under which the control may have to per¬ 
form. A shipyard crane handles occasionally a very heavy piece of 
machinery which taxes the crane to the limit of its stability. Most 
of the time, however, the crane handles a variety of loads well below 
its rated capacity. Here again the control engineer is called upon to 
use judgment in designing a control equipment which, although it 
may not give the best theoretically possible performance under any 
one specific condition of load, will nevertheless give the best all¬ 
round performance under all possible conditions of loading. 

Of greatest importance is the economic factor. Control equipment 
is designed and built to be sold to a prospective user. Here again, 
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INTRODUCTION 


skill and judgment influence the decision of what type of control to 
apply. The engineer must know what features are absolutely neces¬ 
sary and what features, though desirable, could be dispensed with. 
Then it becomes a (pjestion of whether the cost of the desirable 
features is economically warranted. It is good judgment to offer a 
control equipment which, although it may not contain all possible 
refinements, is low in cost. 

The cost of a control equijnncnt is not only the expense required 
to manufacture it but also the expense incurred in engineering it. 
Solving each problem, as it comes up, the rigorous scientific way 
would ccjnsume so much time that the control engineer’s work would 
never be doin'. Thus he looks for methods which enable him to make 
a (juick check of control performance with a degree of accuracy 
satisfactory for the average practical case, especially in view of the 
fact that tlie assumptions on which performance calculations are 
based are too uncertain to warrant spending the time required for 
rigorous calculations. 

Industrial control comprises equipment used to obtain a specific 
performance of an industrial equipment, in the majority of cases a 
motorized drive. The motor provides the force to move the drive, 
but control determines what the motor is to do. Control equipment 
is ai)])Iied at the point of utilization of ])ower. Equiimient which 
governs the distribution of i>ower and tlie ])rotection of the power 
supply system belongs in the classification of switchgear, which will 
not be treated in this book. 

Tliere are two major fields covered by control engineering. In¬ 
cluded in the first is the design of devices and circuit components 
out of which control eciuipinents arc built. Tlie second is the design 
of eciuipments. This latter phase of control engineering requires tlie 
study of the application problem involved, the design of the circuits 
to solve the application problem, the selection of devices necessary 
to realize the circuits chosen, and finally the physical layout of a 
controller which contains the devices, pro]ierly connected, in a me¬ 
chanical arrangement suitable for the specific conditions of the appli¬ 
cation. Tliis jihase of control engineering will be treated in this book. 
Its purj)ose is to help in understanding the application of control to 
specific jobs in industry. For quite a number of years the tendency 
has been in favor of tlie use of magnetic control, and therefore 
magnetic control will be considered primarily. 

The language in which a control engineer expresses his thoughts 
and by means of which he discloses the function of a controller con¬ 
sists of symbols and connection diagrams. This book opens with a 
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presentation of symbols and a discussion of wiring diagrams. The 
next two chapters are devoted to a presentation of the characteristics 
of d-c and a-c motors most commonly used in industrial installations. 
They arc followed by chapters on control devices, circuit elements, 
and basic circuits, forming the building blocks out of which control 
equipment can be constructed. 

Amplidynes have gained an important place in control systems for 
adjustable-voltage drives, and a chapter is devoted to amplidynes 
and their control circuits. Another chapter deals with electronic 
devices. It is not the intention of this book to cover the field of 
purely electronic control, as a separate book would be necessary to 
cover it adequately. It is rather intendc'd to familiarize tlu* reader 
with electronic devices commonly used in conjunction with magnetic 
control. 

In the concluding chapters, typical controllers for general purpose 
applications and selected intermittent-duty controllci^ are dis(*ussed. 
Controllers are })resented which are used widely in industry and 
illustrate the most important imnciples of standard control systems. 
A concluding chapter makes general r(‘comm(‘ndations for mainte¬ 
nance of control eciuipment. 

\\'henever applicable, the “i)er uniU^ system is used to re))resent the 
performance characteristics of motors or controllers. In this system 
various (luantities are expressed as a ratio to a base quantity, which 
is taken as unity. Base (piantities have to b(* defined in ea(‘h case. 
Usually they are the rated or normal quantities. For instance, rated 
current of a motor is assunuul to be its bas(' current, rated speed its 
base s[)eed. For a-c motors, it is convenient to assume synchronous 
spei'd as base speed. To interpret any j)er unit curves properly, care 
must be taken to determine the base (piantities that apply. 

Representing performance data in terms of per unit has the advan¬ 
tage that such data are generally applicable, regardless of the size 
or rating of the machine for wdiich they have been computed. To 
translate })er unit data into numerical data applying to a si)ecific 
machine, it is necessary only to multiply the per unit quantities by 
the numerical value of the base quantity. It is quite customary in 
technical literature to express performance data in percentage. Both 
the per unit system and the percentage system are equivalent. Unity 
in the per unit system equals 100 per cent in the percentage system. 
The per unit system is handier for carrying out calculations, as per 
unit quantities can be introduced directly into formulae, whereas 
calculations with percentage quantities require divisions by 100 or 
powers of 100. 
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Formulae which cannot be used for per unit calculations and only 
for numerical calculations are followed by the symbol Formulae 
which are correct only on a per unit basis and cannot be used for 
numerical calculations are followed by the symbol ■. All other 
formulae in this book hold true for both per unit and numerical 
calculations. See pages 24, 30, 56 for examples of each kind of 
formula. 

At the end of each chapter is a bibliography pertaining to the sub¬ 
ject matter of the chapter. The items in the bibliography are num¬ 
bered as a convenience in referring to tliem in the text. Superior 
numbers in the text designate corresponding references applying to 
the stibject under discussion. Not all the items in the bibliography 
arc referred to in the text; some arc of general interest only. 



CHAPTER 1 


SYMBOLS AND DIAGRAMS 

Much industrial control equipment is built every year for many 
entirely unrelated users. A controller may contain oiu' or a few 
devices or it may be* composed of hundreds of devices. A certain 
user may have in liis plant controllers built by several manufacturers. 
The men who use and maintain control eciuipmeiits may be highly 
specialized experts m the control field or they may be ordinary 
operators or electricians. 

It is of great importance to have available a method to represent 
control equipment on drawings w’hich is universally apjilicable and 
can be understood by everyone versed in the electrical art, regardk\ss 
of the manufacture of the equipment. The most important informa¬ 
tion on a control eciuiprnent is the connection diagram. It shows in 
shorthand the circuits, the control devices, and the interconnections 
with external apparatus. To make a connection diagram, it is neces¬ 
sary to rejiresent the various control devices by symbols. To make 
connection diagrams most useful both to manufacturers and to users, 
it is of utmost imjiortancc to use standard symbols which are uni¬ 
form throughout the electrical industry. 

American Standard Symbols 

In former days each manufacturer made up his own set of symbols, 
based largely on the physical ajipearance of devices. Such symbols 
looked much like outline sketches with electrical connections super¬ 
imposed. They were unsatisfactory in the long run for various 
reasons. From the point of view of the manufacturer, they were 
cumbersome and difficult to draw. From the point of view of the 
user, functionally equivalent devices of different manufacturers were 
shown by entirely different symbols, which proved to be rather con¬ 
fusing to the users^ electricians and maintenance men. In recent years 
great progress has been made toward providing the electrical indus¬ 
try with a set of standardized symbols to be used by everybody. 
The American Standards Association has issued American Standard 
Z32.3-1945, entitled “Electric Power and Control Symbols.^^ ^ These 
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SYMBOLS AND DIAGRAMS 


symbols have found wide acceptance in industry, and they are used 
throughout this book. 

A good set of symbols should satisfy the following postulates; 

1. Symbols must be simple and easy to understand. Not only 
graduate engineers, but factory wiremen, operators, and elec¬ 
tricians must be able to follow tlicm, having once understood 
the basic symbols. 

2. Symbols must be concise. Each symbol must represent one, 
and only one, circuit element. Otherwise it would be impossible 
to interpret a wiring diagram without a multitude of explanatory 
remarks. 

3. Symbols must be flexible. Basic symbols should be set up for 
circuit elements out of which a comi)lete symbol for a specific 
devic(‘ can be dev(‘loped, thus allowing for differences in design 
details and j)hysical arrangement of different manufacturers' 
devices. 

4. Symbols must be easy to draw. Since each type of controller 
must have its individual diagram, thousands of wiring diagrams 
are drawn each year. Eliminating all details which are not 
absolut<‘ly necessary to expn'ss the meaning of the symbols 
saves considerable drafting time in the preparation of connt'ction 
diagrams. 

The symbols used ])y the ])ower industry, on the one hand, and by 
the communications industry, on the other, were developed somewhat 
indei)endently over a period of years. Consecpieritly, several con¬ 
flicts develoi)ed in which the same symbols meant two entirely dif¬ 
ferent circuit components in tlu' two industries. With the growing 
use of electronic e(|ui])ment by the power industry, considerable con¬ 
fusion existed, as plant engineers had to get used to different sets of 
symbols and, when reading a wiring diagram, they had to make cer¬ 
tain who had drawn it. To add to the confusion, some diagrams 
were drawn using symbols from both systems. 

Under the pressure brought about by World War II eonferences 
were held under the auspices of the American Standards Association 
whereby agreement was rea<*hed on the use of certain basic symbols 
to avoid these conflicts. The symbols are showm in Fig. 1. To 
allow for existing practices in various branches of the electrical 
industry, alternatives are permitted. This means that a certain 
circuit element can be represented by one of several symbols, but 
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each symbol can designate only one circuit element. In Fig. 1 the 
first symbol, where two alternatives are shown, and the first and 
second symbols, where three choices are given, are the symbols gen¬ 
erally used by the power industry. From these l)asic symbols are 
built adaptations to designate specific devices or j)ieces of apparatus. 


CAPACITOR 

1 

T 



OPERATING COIL 

\ OR O 

OR 


BLOWOUT 

N 



CONTACT, NORMALLY OPEN 

-L 

T 

OR 


CONTACT, NORMALLY CLOSED 


OR 

O' -Y, 

FIELD 

(MOTOR AND GENERATOR) 


OR 


INDUCTOR 

(INCLUDING TRANSFORMER 
WINDING) 


OR 


RESISTOR 

— 1 1— 

OR 

-AAAAr- 


IWITH 

DESIGNATION 
INSIDE BOX) 




Fid. 1. Basic symbols loi clcctru* apparatus. 


Figure 2 shows typical component symbols for wiring diagrams in 
accordance with American Htandard Z.T2.3-1945. How these com¬ 
ponent symbols can be adapted to make uj) the complete symbol of a 
specific device is illustrated in Fig. 3. To th(‘ h^ft is a pictorial view 
of a single-j)()le d-c contactor A\ith electrical inU’rlock. The back 
view composite symbol of the contactor is shown to the right, using 
component symbols from jilates J, iv, and M of Fig. 2. The main 
pole, which carries a power circuit, is shown by heavy lines, whereas 
the coil and interlock, which carry control power only, are shown 
by light lines. Terminals indicate where power and control con¬ 
nections are made to the contactor. 
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The component symbols can be adapted equally well to represent 
more complicated devices. As an example, Fig. 4 shows the symbol 
for a six-circuit, three-position, reversing cam type master switch. 
In the pictorial view the cover is omitted so that the contacts, cams. 


aJ DC MOTOR OR GENERATOR 
ARMATURE AND 
COMM FIELD 
SERIES FIELD 

SHUNT FIELD 

jJ POWER CONTACTS 

WITHOUT BLOW- WITH BLOWOUTS 

^ NORMALLY OPEN 

NORMALLY CLOSED 2^ 

^ UJ 

AC SQUIRREL 
( j CAGE MOTOR 

JLi CONTROL CONTACTS 

NORMALLY OPEN 

2};; NORMALLY CLOSED 

jJ TIME RELAY CONTACTS 

J- NORMALLY OPEN 

TIME CLOSING 
normally CLOSED 

TIME OPENING 


^ m / 

AC SYNCHRONOUS > 

MOTOR OR ( ) > 

GENERATOR V / V 

FIELO'^ 

COILS 

•V SERIES SHUNT->^ 

-r - 1 

-V SERIES SHUNT -V 

^ THERMAL ELEMENT 



G 1 WIRING 

-j- CROSS WIRES 
-f- JUNCTION WIRES 
GROUND 

• JUNCTION OF CONDUCTORS 
O WIRING TERMINAL 
ELECTRICAL CONDUCTORS 

- POWER OR SERIES 

-CONTROL OR SHUNT 

^ LIMIT SWITCHES 

H h- NORMALLY OPEN 

NORMALLY CLOSED 

sj knife SWITCHES 

SINGLE POLE 
. SINGLE THROW 

oJNo o 

1 DOUBLE POLE 

oN) O DOUBLE THROW 


tJ air circuit BREAKERS 

WITH OL TRIP COILS 

LINE LINES 

') VV) 

■J- in 

LOAD LOAD 

SINGLE POLE TRIPLE POLE 

ll!l! 


Kkj. 2. T>i)ical coiiii)oiieut .symbols lor control wiiiiig diagnuns. 

and terminal boards can be seen. Symbol a is similar to plate //// 
in Fig. 2. The contacts are shown in numerical order, together with 
an indication of master switch positions. The contact closing se- 
(pience, as the master switch is moved from point to point, is indi- 
cat(*d by r’s. The symbol z shows on which master switch position 
each contact is closed. Where no x is shown, the contact remains 
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open. Thus contact IMS is closed in the off position but open in all 
other positions. Contact 2MS is closed in positions 1, 2, 3, both 
forward and reverse, but open in the off position. Similarly, the 
closing sequence is given for the other contacts. 



Fin 2 {Contmu(d) 

Usually the complete development of the master switch is given 
only on the elementary diagram or on a sequence diagram. On con¬ 
nection diagrams or on external connection diagrams it is customary 
to show only the arrangement of the terminal board to which exter¬ 
nal connections are brought. Symbol b in Fig. 4 shows the master 
switch terminal board with the arrangement of external wiring. 
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SYMBOLS AND DIAGRAMS 



Fkj. 3. Sinji?lo-|)olo d-c contactor and cquuah'nl composilo symbol. 


Device Markings 

As many controllers comprise a multiplicity of devices, each con¬ 
tactor, relay, and other device is marked by a device designation, 
indicative of its function. Tabic 1 lists the most commonly used 
designations. 

If more than one device of the same function are used, a prefix 
is added to the device marking. For exam})le, the two forward 
contactors of a d-c controller are marked IF, 2F, and the corre¬ 
sponding reverse contactors are marked IF, 2F. Successive acceler¬ 
ating contactors are marked hi, 2A, 3A, etc. 

Terminal Markings 

To enable an electrician to connect the equipment at the installa¬ 
tion and the maintenance man to identify circuits after the equip¬ 
ment has been installed, it is necessary to mark each terminal on the 
connection diagram. A‘=5 far as control circuits are concerned, it is 
customary to use an arbitrary numbering system. On large control 
equipments, blocks of numbers or other discriminating designations 
may be assigned to discriminate among various sections of the con¬ 
trol. There are no set rules, and any system is satisfactory as long 
as it is carried through with consistency. Duplication of numbers, 
without some definite and easily recognizable discrimination, should 
be avoided under all circumstances. 




WHKINOS 

---i rstrcrrf™’ ”*« J 

I---^ equip. 



TrPE m^jster switch 


I ? 

I 


IMS I ,, 
o... I I 


I I 


3MS I 1 1 

N * -Ih- 

ll! 

5MS ^jl 

1' 1 

1 > 

Iff 

6MS i 1 1 

1 1 1 'iH 

,'f 


fO) 



CAM TYPE MasTEP SWITCH 

BOAPO 
Handle end 
hev _ _ , 

I —— 

I ^“S IMS 1 

I 2? o2L^ . I 



rnNf?il?''CE OF 

CONTACT OPEPation TEPminal BOAOn 

nient Tf' swjfch. 

'•cwt a definite and distinc- 
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TABI.E 1 

Device Markings for Wiring Diagrams 


Deviw* 

Con¬ 

tac¬ 

tor 

Relay 

Other 

Device 

Con¬ 

tac¬ 

tor 

R«*lay 

Other 

Acoi)U*ratiiJK 

A 

AR 


Main breaker 



MB 

A minuter Hwitch 



AS 

Master r witch 



MS 

Armat ure ahunt 

AS 



Maximum torque 


MTR 


AMto-truiiHform€»r 



AT 

Motor circuit sw’itch 



MCS 





Motor field 



MF 

Brake 

li 

BR 










Open phoRC and plmae 




Capacitor 



C 

reverMal 


OPR 


Circuit breaker 



CB 

Overload 


OL * 


CioHiiiK t'oil 


CCR 

CC 

Overs peed 


OSR 


Conti ol 


CR 


Overspeed switch 



OSS 

Ckmtiol Hwitch 



CS 





Counter einf 


CEMF 


Plugging 


PR 


Current limit 


CLR 


Plugging forward 


PF 


Current tent block 



CTB 

Plugging reverse 


PR 


Current traiwfonner 



CT 

Potential intt'rlocking 


PIR 






Potential test block 



PTB 

Down 

1) 



Potential transfoimer 



PT 

Dynarnio braking 

UH 

DliR 


Power factor 


PFR 






P<»wer factor meter 



PF 

Emergency awitch 



ES 

Pressure gov«*rnor 



PG 

FiXcitei field 

KF 

EFR 


Push button 



PR 

Field 

F 

FR 


Rectifier 



REC 

Field acoeleratiiig 

FA 

FAR 


Relay test block 



RTB 

Field diMcharge 

FD 

FDR 


Resistor 



RES 

Field economy 

FE 

FKR 


Reverse, run, raise 

R 



Field loHH (failure) 

Fh 

FLR 






Field weakening 

FW 

FWR 


Sequence protective 


SPR 


Float, Bow awitoh 



FSW 

Slow-dow’ii 


SR 


Forward 

F 

FR 


Squirrel cage piotective 


SCR 


Full field 

FF 

FFR 


Start 

S 



Fuse 



FU 

Switch 



\ SW 

1 

Ground detector 



GD 

Time closing 



TC 





Time opening 



TO 

High B|>eed 

US 

USR 


Time relay 


TR 


lloiat 

U 

UR 


Time switch 



TS 





Transfer relay 


TRR 


Jam, jog 

J 

JR 


Trip coil 



TC 

Kick off 

KO 

KOR 


Undcrvoltage 

rv 

UVR 






TJnloader coil 



VC 

Limit (twitch 



LS 

Up 

u 



Line contactor 

M 

MR 






Ih)W H|M>t*d 

LS 

LSR 


Voltage regulator 


VHG 


lAiweniig 

L 

LR 


Voltmeter switch 



VS 
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PURPOSE OF WIRING DIAGRAMS 

tive number, which is carried through the diagram, and to show the 
terminal markings, which are actually stamped on a standard device, 
in brackets. 

Concerning power terminal markings on electrical apparatus, 
American Standard C6.1-1944^ has been sponsored by the National 
Electrical Manufacturers Association (NEMA), and these standard 
terminal markings should be used on all controller diagrams. The 
markings consist of a letter followed by a suffix. Table 2 gives most 
frequently used markings. 


TABLE 2 

Terminal Markings Used on Wiring Diagrams 


Brake 

Brush on commutator iarmature) 
Brush on slip ring (rotor) 

Field (series) 

Field (shunt) 

Line 

Resistance' (armature) 

R('sistance (shunt field) 

Stator 

TransfornuTs (high-volt age) 
Transformer (low-voltage) 
Transformer (U'rtiary winding) 


D-C 

Rl, R2, B3, etc. 
Al, A2 

SI, S2 
FI, F2 
Li, L2 

R\, R2, R3, etc. 
FI, V^2, F3, etc. 


A-C 

B\, B2, R3, etc. 
AL A2, A3, etc. 
VL M2, 71/3, etc 

/ I, F2 

hi, L2, L3, etc. 
R\, R2, RS, etc. 

T\, T2, 7\3, etc. 
Hi, H2, 7/3, etc. 
A'l, A'2, A'3, etc. 
)T, 1'2, r3, etc. 


As a general rule, letters preceded by figures represent device 
designations. Letters followed by figure's are tcTininal markings. 


Purpose of Wiring Diagrams 

AViring diagrams are jirepared by engineers for four purposes. 
Depending on the various uses made of the diagram, certain features 
are of preponderant importance, and a complete diagram or set of 
diagrams must include all these features. 

1. Wiring diagrams serve as a record jor the engineers, both in the 
manufacturer's and in the user's organization. Engineers arc pri¬ 
marily interested in elementary diagrams setting forth the circuits 
employed and clearly explaining the function of the controllers. For 
this purpose the diagrams must be so clear and concise that any 
trained engineer who may not have been connected with the design 
or the initial installation of the controllers can fully understand their 
function. 

2. Wiring diagrams are used by the factory wiremen to wire up 
parts of control equipments such as panels. The wiremen do not 
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need to understand the function of the controllers. However, they 
must know exactly how power and control wires are to be run between 
terminals of devices. To them the wiring diagram must show every 
device on the panel in its proper physical relation to other devices 
and the connections between the terminals of these devices. 

3. Wiring diagrams are used by the installing electricians to inter¬ 
connect the various ])ieces of ccpiipment comprising a complete con¬ 
trol installation. They are not interested in the o])eration or the 
internal panel wiring. They must know, however, the arrangement 
of outgoing ]:)ower and control terminals on each piece of equipment 
and the external connections to be made between them. 

4. Wiring diagrams are used by operators and maintenance men to 
supervise the ecpiipment and to ^^shoot trouble.^’ These men are 
interested in the function of the cqui})ment, the internal circuits, and 
the external interconnecting circuits. 

For each control equipment, one diagram or a set of diagrams 
should be made up showing elementary, internal, and external 
connections. 

Elementary Diagrams 

NEMA defines an (‘lenientary diagram as follows: ^^An elementary 
controller wiring diagram is a diagram using symbols and a plan of 
connections to illustrate, in sim])le form, the scheme of control.^' 

This brief definition may be amplified to state that an elementary 
diagram shows all circuits and device ekanents of an equipment and 
its associated ap])aratus, or any clearly defined portion thereof. 
Such a diagram ('inphasizes the device element of a circuit as dis¬ 
tinguished from the physical arrangement of the conductors, devices, 
or device elements of a circuit system. 

To emphasize the device elements and show tlu'ir functional rela¬ 
tionships and sequence, physical relationships of devices and device 
elements are usually disregarded. Circuits are usually drawn in the 
most direct jwssible line betwi'en and perpendicular to parallel lines 
representing opposite polarities of voltage sources. Circuits which 
function inherently in a definite se(]uencc are arranged to indicate 
that seciuence. L^lementary diagrams are useful where electrical 
relationships of circuits and device elements are the principal con¬ 
siderations. 

As an example, Fig. o shows the elementary diagram of an a-c 
full-voltage reversing controller. This controller consists of a control 
panel and push button station. The panel contains two contactors 
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and an overload relay. Power and control circuits are shown sepa¬ 
rately. Various elements of a device, such as coil, main i)ower con¬ 
tacts, and interlocks of a contactor, are shown in their proper func¬ 
tional position in the circuit, regardless of their physical relationship. 
Each element of a device carries the marking of the device. 

The elementary diagram should show each terminal marking used, 
both for power and for control. It should also contain a tabulation 

ELEMENTARY POWER CIRCUITS 


LI 

L3 

LZ 



30 

MOTOR 


ELEMENTARY CONTROL CIRCUITS 

forward 


6 2 -L- 3 F 



ih 


NOMENCLATURE 

F-FORWARD CONTACTOR \ MECHANICALLT 

R-REVERSE CONTACTOR/INTERLOCKED 

OL---OVERLOAD RELAY (HAND RESET) 

Etc. 5. Eloiiientury duigiaiii for a-c iiiagnotic H‘\rrsing controller. 

of device nomenclature. If r<‘lays are us(‘d, the setting of which can 
be adjusted, a relay setting table should be given. If the controller 
contains several hand or automatically controlled j)ositions, a control 
sequence table should tabulate the connections for each succ<‘ssive 
position of the controller. It may, for instance, be a master switch 
or limit switch contact closing table. 

Connection Diagrams 

Connection diagrams show the connections of an installation or its 
component devices and etiuipment. They may show the general 
physical arrangement of devices, device elements, and also accessory 
items such as terminal blocks, fuse blocks, and resistors. They may 
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cover internal or external connections or both and contain such de¬ 
tail as needed to make or trace the connections involved. 

For this purpose, NEMA Industrial Control Standards use the term 
wiring diagram^ which is defined as follows: controller wiring 

diagram is a diagram showing the electrical connections between 
the parts conijmsing the controller, and indicating tl.e external 
connections/’ 


POWER SUPPLY 
L3 L2 LI 



T3 T2 T) 

MOTOR 


Fkj, 0 . C (liiiG;ram for a-c maKnotic reversinK controller. 


Figure (> is the connection or niring dingram of the controller 
shown in Fig. 5. Tlie connections of the control panel are shown 
in detail, with the complete symbol for each panel device. The 
various devices are drawn in tlie same relative location in which 
they are mounted on the panel. As the wiring is physically in the 
back of the j)tinel, the panel connections are shown back view, as the 
wireman would see them wdien working on the ])anel. 

All devices which are physically part of the i)ancl are showm 
inside the broken line delineating the panel. The push button 
station and the motor are not })art of the panel, and they are shown 
outside the broktm line. All terminals fur outgoing connections are 
marked. 

For a comparatively small controller, the connection diagram as 
show’ll in Fig. 0 w’oiild suffice to show’ external connections. How- 
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ever, on large equipments involving a multiplicity of panels and 
associated external devices, it is advantageous to omit interconnec¬ 
tions between panel and other equipment from the connection dia¬ 
gram and to show panel wiring only, in order io keep the diagram 
at a reasonable size. In such a case an external connection dia¬ 
gram is made up which is sometimes called an interconnection or 


POWER SUPPLY 
L5 L2 LI 


MAGNETIC PANEL 


■I—[oi 
-3-|-03 

2-j-02 

-5-4-05 
La -l-OA 


rii 


BACK VIEW 


FOR INTERNAL 
CONNECTIONS 
SEE PANEL 
DIAGRAM FIG.& 


T3 T2 Tl 


L 


0—<i) 


PUSH BUTTON 
STATION 


LLl 


<2)— 



Tl! 



- 5 - 



■U. i 1 


? 1 

0 ■ 



fo 1 

Lo 1 
1 


REVERSE 




MOTOR 


Eic!. 7. Tyi)ieal (wfcnuil connc’ction diagriim. 


consolidated diagram. The NEMA definition is as follows: “An 
external controller wiring diagram is a diagram showing the electri¬ 
cal connections betwe(*n the controller terminals and outside jioints, 
such as connections from the line, to the motor, and to auxiliary 
devices.” 

Figure 7 is the external connection diagram of the controller shown 
in Fig. C. The internal connections of the panel are omitted and 
outgoing terminals only are shown. External connections arc carried 
to circles or “rat holes,” and like-numbered circles arc connected 
together. When large external connection diagranjs are made, in¬ 
volving a large number of interconnections, a tabulation of rat 
holes should be included to help in locating interconnections on the 
drawing. 
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If elementary diagrams and internal and external connection dia¬ 
grams are made up as separate drawings, it is very essential to place 
cross references on each drawing. 

Construction Diagram 

For certain types of eciuipment a construction diagram is prepared, 
which NEMA defines as follows: ^ controller construction diagram 



(ot) (S) ( 




418 BOX 

41:6 BOX 


BOX 


APPROXIMATE RESISTANCE PER DIVISION 

RI-R2 = 1.44 OHMS 
R2-R3 =1.08 OHMS 
R3-R4 = 0.48 OHM 
R4-R5 = 0 24 OHM 
TOTAL =3.24 OHMS 


list of material 

I-CR9I43 UNIT BOX CAT 1928116 G4 {^4 BOX) 
I-CR9I43UNIT BOX CAT I9P8II6 G6 (=l*=6 BOX) 
I-0R9I43UNIT BOX CAT 1928116 G8 {#-8 BOX) 

3 BOXES TOTAL FOR CONNECTIONS BY 
CUSTOMER PER SKETCH ON THIS PRINT AND 
WIRING DIAGRAM FURNISHED WITH PANEL 


CLASS = 3,24-65-85-230 VOLTS D.C. 

INSTRUCTIONS GEH 92 
OUTLINE = EACH BOX GEM 15 FIG I 

TYPE CAST GRID RESISTOR FOR 33 HP 
SERIES WOUND 230 VOLT D.C. MOTOR 

Kkj. 8. Typicjil resistor coii-slruction 

is a diagram indicating the j)liysical arrangenumt of ])arts such as 
wiring, busses, resistor units, etc.'^ 

The jnirpose of construction diagrams in to show features of con¬ 
struction specifications in sim])lificd form. They are seldom made 
up for control jianols, as connection diagrams are mostly adequate 
to show all necessary details for manufacturing jianels. Construction 
diagrams are useful to vshow the stacking of resistor grids, rectifier 
disks, etc. 

Figure 8 is a typical resistor construction diagram. It contains a 
sketch showing arrangement of the resistor box(‘S witli location of 
terminals on each box. Interconnections between boxes are indi- 
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rated. A tabulation gives the ohmic value of resistance of each 
division. A list of material, giving the ordering information for the 
resistor boxes, is included. 
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CHAPTER 2 


PRINCIPLES OF DIRECT-CURRENT MOTOR OPERATION 

Hardly ever will a control engineer be called upon to design an 
electric motor. To apply control to a motor, he does not have to 
lay out its windings, cidculate its flux, determine its jihysical dimen¬ 
sions, etc. However, to coordinate a motor and its control to best 
advantage, the (‘ontrol engineer has to know how a given motor 
works an<l how its characteristics can be influenced by the control 
to obtain a desired iierformance. Chapters 2 and 3, therefore, are 
devot(‘d to a bri(‘f discussion of the most commonly used types of 
d-c and a-c motors, how they work, and what they can do. 

Speed-Torque Curves^*- 

Motor performance can be most easily visualized by plotting speed 
versus tonpie. To ajijily a motor to a piece of machinery, it is neces¬ 
sary to know the tonpie the motor is r(*(iuired to deliver at its shaft 
and the s[)eed at w^hich the machin(» must run to obtain the desired 
output of w^ork. llsually the application engineer gathers the neces¬ 
sary data on tlie maclnne, selects the size and ty]>e of motor to be 
used, and establishes the desired performance characteristics. It then 
becomes tlie problem of the control engineer to select equiiiment and 
design circuits by which mottir jierformance is matched to the re- 
(piirements of the drive and by which proper protection for abnormal 
conditions is given. 

Motors are rated in terms of horsepi)\ver and speed. From these 
data the full-load tiircpie can be determined as follows: 

rated hp X 5252 

Torque in Ib-ft =- 

full-load rpm 

To compare the performance of various types and sizes of motors 
and to apply results calculated for one motor to other motors of 
similar characteristics, it is convenient to express speed and torque 
in per unit. If rated full load and speed are called base quantities or 
unity, motor performance at partial loads and at partial speeds can 
be expressed in terms of per unit of rated full-load values. 

?0 
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Wbcn motor speed is plotted versus motor torque, the performance 
of the drive under varying loads can be visualized. It is also possible 
to predict how changes in the motor circuit, as obtained by the con¬ 
troller, will affect machine performance. Conversely, if it is known 
what performance is desired of the machine, a study of the speed- 
torque curves will aid in the selection of a suitable control circuit. 

In plotting speed versus tor(|ue, let the horizontal axis or abscissa 
be torque and the vertical axis or ordinate be speed. These two 



(oordinates determine four fpiadrants in which spec*d and torcpie 
may be positive or negative. These (piadrants re])resent all possible 
oi)crating conditions of the motor, as illustrated in Fig. 9. 

In the upj)er right-hand quadrant 1, both motor torque and speed 
are positive. In a motor driving a hoist, as an example, this quadrant 
represents the condition that the motor hoists a load. Motor torque 
overcomes gravity. The motor delivers power to the load. An 
equivalent condition exists when the motor drives a friction or in¬ 
ertia load, or a combination of both, in a given direction, which is 
arbitrarily called positive. 

The upper left-hand quadrant 2 covers the operating condition 
where speed is still positive but torque is negative. This means that 
the motor develops a torque which is opposed to the load torque 
and retards the load. In other words, the motor develops a braking 
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torque. This condition is of no practical significance in a hoist drive. 
However, if a motor drives an inertia load to which it is geared 
solidly, quadrant 2 covers the condition where the motor develops a 
torque opposing the load torque due to the kinetic energy of the 
inertia load. The motor absorbs energy from the load, which is 
cither dissijiated as ohmic lo.ss or fed back to the power supply. 

In l(JW'er left-hand quadrant 3, both torcjue and speed are negative. 
In a hoist drive, this condition exists when the motor accelerates its 
own inertia and the load is accelerated by gravity in the lowering 
direction. Motor torque is in the same direction as the load torque, 
gravity pulling the load downward. An equivalent condition exists 
wh(‘n the motor drives a friction or inertia load in a direction of rota¬ 
tion, op})osite to the one existing in (juadrant 1. Power is delivered 
by the motor to the load. Quadrants 1 and 3 are equivalent, except 
that direction of rotation is reversed. 

Lower right-hand (juadrant 4 eovers the ease wlien motor torque 
is positive while speed is negative. In a hoist, for example, motor 
torcpie opposes the load toniue, which is tlie laill of gravity. While 
the motor attenij)ts to hoist the load, the load overhauls the motor, 
so that actual niov(*m<‘nt is in the low(‘ring direction. Tlu' motor 
torque restrains the load, that is, the motor devel()j)s a braking tor(]ue. 
Thus, in d(‘seribing hoist performance, this (juadrant is often called 
the braking lowering (juadrant. Knergv is absorbed by the motor 
from th(‘ load and dissi|)atcMl as ohmic loss or f(*d back to the j)ower 
system. Wlien a motor drives an iiu'rtia load, motor torque opposes 
the overhauling load toniue diu' to the kiiu'tie energy of the inertia 
load. Quadrants 2 and 4 are eciuivalent, exe('i)t for reversal of the 
direction of rotation. 

The control engineer can obtain from the motor dchigner a set 
of characteristic eur^’es which deserib(* the pc’rformanee of the motor 
in (piadrant 1, that is, with tonpie and sj^eed pi>sitive. From these 
motor curves, and by a|)plying certain basic n*lations, motor per¬ 
formance in the other (luadrants can be calculated. 

Basic Relations 

The performaiua* of dynamo-electric machines is based on the 
principle that a conductor through which current flows, while in a 
magnetic field, is subjeetetl to a deflt*eting force. The force excised 
on the conductor is a fimction of the })roduct of flux ami current. 
The spe(*d with which the conductor is deflected is related to the 
counter emf induced in the conductor in sucli a manner that the 
counter emf is a function of the product of flux and si)ecd with which 
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tlie conductor intersects the flux lines. By applying these basic con- 
(•q)t< to an electric motor, the following relations can be staled: 

1. Torque is a function of the )>roduct of armature current and 
efl’ective field flux. If armature reaction is neglected, it can be as¬ 
sumed that flux is a function of field current. Tims it can be stated 
that torque is a function of the product of armature current and 
field current. 

I'rom the charactiTistic curve of a givtai motor, the relation of 
tonpie versus armature current can be obtaiiu'd. If the field cur- 
ri'iit of the iiiotfir is known, for any value t)f field current a factor 
can be calculated: 

T 

= torque jier armature eurnait -- Kj (1) 

J a 

where T = torejue in Ib-ft or in per unit, 

la = armature cunent in ampeax's or in per unit. 

This factor is assumed to be a constant for any givcm amount of 
field curnait, which is p(‘rmissibl( for most jiractical ])C‘rformance 
calculations. If a motor is exixx'ted to o])erate with variable field 
current, a A' 7 - versus field current curve is plotted from the motor 
characteristic. 

2. Generated voltage’ or counter (*mf E is a fuiudion of the jirod- 
uct of ^peed and (Tfective fic’ld flux. As flux is ii function of field 
(‘unx'nt, it can be stated that (jetKratid roUaqe is a function of the 
product of spied and field current. As motor speexl is of primary 
interest, it is |>referable to express the* above reflation as speed is a 
(hnrf function of (jenerated voltaije and an immerse function of field 
current. 

Eeir a meiteir which operate’s mefloring, that is, wheise armature 
lake.s power from the line anel ceaiverts it into mc'chanical (‘nergy, 
the cerunter emf is cejual to ai>])lied line vefltage minus all the voltage 
droj).s in seufles with the armature. The voltage drops cemsist of 
re‘si.vtance eire)i) brush elroj). The re’sistance dre)p includes the 

drop acre)ss external as well as inteauial re’sistance. It is preiportional 
to the armature current, that is, the leiad on the* meiteir. The brush 
drop is ne)t strictly ]m)pe)rtienuil to load, but for ])eTfonnance calcu¬ 
lations it is permissible to assume that th(‘ brush drop is due to an 
e quivalent brush resistance whi(fli can bi* lumped in with the arma¬ 
ture resistance. The brush drop varies with individual motors and 
'Wth the grade of bruslics used. If no test data are available, it can 
'*e assumed to be 2 volts at full load. 
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The following relation applies to a motor delivering mechanical 
torque at its shaft: 

E = T ~ laR (2) 

where la == armature currc'nt in amp(‘r(‘s or in j>(*r unit, 

R = total int(irnal and (‘xternal r(‘sistance in ohms or in per unit, 
V = af)plied line voltage in volts or in jxt unit, 

E = motor eountcT ('inf in volts or in per unit. 

If a motor is overhauled by its load, it absorbs mechanical energy 
at its shaft and d(*livers electrical energy to tin* line or to a resistance 
load. The motor actually opcTates as a generator, and the counter 
emf has to ovcTConK* seri(‘s n'sistance drop and brush drop. Thus, 
for a motor that is absorbing mechanical energy at its shaft, this 
r(‘lation exists: 

A’ = r + laR (3) 

'rh(‘ charactcTistic curve of a motor giv(‘s th(‘ sp(‘ed as a f\inc- 
tion of load and fi(‘ld current for a given constant line voltage*. If 
the internal resistance of tin* motor is known, the counter emf can 
be calculated, and a factor can be dt'termined: 


E 


S 


count(‘ 1 ’ ('inf |)(‘r s])<'('( 1 


Ks 


when'N = motor sp(*e(l in rpm or in p(*r unit. 

Factor l\s can be assume<l for most calculations to la* a constant 
for a giv(*n tield current. If a motor is called upon to operate with 
\ariable field current, a versus field current curve' is jilotted from 
th(‘ motor characteristic curve. 

Later in this chapter it is shown how the and Ks curves are 
list'd to calculatt' motor jn rformance. 


Maximum Torque and Commutation Limit 

In th(' prt'ceding paragraphs it has bet'ii stated that Kr is a con¬ 
stant for any given field current. This holds true only as long as the 
armature curri'iit dot's not grt'atly t'xceed rated full-load current. 
At current values greatly in excess of rated current, the effect of 
armature reactitin bt'ctnnes so grt'at that the t'fft'ctive flux is reduced 
below the value imrmally corresptmtling to the exciting fieltl current. 
In fact, armature r('action may bectnne so great as to reduce the flux 
to zero. Increasing the armature curn'iit beyond a certain value 
produce's an increasingly smaller gain in tonpie. 
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The output of a d-c motor in terms of tortpie is limited by two 
rlianieteristic quantities. One is the maximum tonjue wliidi the 
motor is able to deliver eleetrieally. It may he as hij 2 :h as five times 
rated tonpie at full field. This high torcpie, in praetiee, cannot be 
r(ailized as shaft output because it would be impossible to commutate 
th(' large amount of current coincident witli that amount of torque. 
However, when the motor is used in circuits affecting the distribution 
of current in the field and armature branch, it may hapj)en tliat 
inaxiniuin torque is griaitly reduced, (‘ven below normal torque, with 
armature curnuits well within th(‘ commutating ability of the motor. 
\Mi('n designing control equipment for a given motor, the control 
(i(‘.^ign<M must ascertain the maximum tonjue from its design data and 
lie must make' certain that the maximum torcjiu' is never exeeeded 
\\hil(‘ motor connections arc' changed tluring transition ludween con¬ 
trol points. Otherwise, the motor may stall while driving a load, or 
it may run away while* bx'ing overhauh'd. 

Of i‘C|ual, if not greatc*r, imjxirtance is tlu' commutation limit. 
If the armature curnait is increas(‘d beyond a c(‘rtain limit, the 
commutating ]>ol(‘s satunite, the* commutating ]>ole flux do(‘S not 
neutralize the cross flux dm* to armature reaction, and the brushes 
commutate no longer in the neutral zone*. The*se conditiems r(‘sult 
m .sparking or arcing eif the brushe's, which leaels te) (*xce‘ssiv(‘ we*{ir e)f 
hru>lH‘.s anel commutateir anel (*ve‘n to arc-ove‘rs be*twee‘n brush heildeTs 
of e)p]>osite }K)larity. Thus the* amount of torepie which can be 
utilize'el at the me)te)r shaft may be limited by the* amount of current 
the motor is able to commutate*. The ceiminutation limit, which 
\arie*s with sj)e*e*d and fie’lel current, is a eh'finite e*haracte*ristic of e*ach 
d-c meitor. The e*ontre)l ele-signer must kneiw this limitatie)n anel lay 
out tile cemtreil eepiipment acconlingly. 


SERIES MOTORS 

The* simplest anel meist versatile d-c me)tor is the series wenmd 
motor. Its basic cemnection and a typical spe(*el-te)rejue curve are 
diown in Fig. 10. It ele'rives its name fremi the fact that the* field is 
< <»iinee*te*d in serie*s with the armature. Fremi the spe(*d-torque curve* 
die* fedleiwing conclusiems which govern the fiedd of apjdication for 
diis type eif meiteir can be drawn: 

1. The motor lias a high maximum teirque at zero speed and is 
thus ieleally suited for starting heavy loads. 
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2. The dn)oi)ing characteristic causes the motor to slow down when 
subjected to overloads. This means that the power demand 



Ficj. 10. Biu^ic coimcctions and typical spood-torqno curve of a d-c series motor. 



from the line does not rise in proportion to the torque but at a 
lesser rate. Series motors are not at all suited for drives when 
uniform speed is recpiired over a wide ran<j;e of loads. 

3. At no load the speed may rise very hif];h, and a eompleteh 
unloaded motor will “run away.’^ Thus series motors shouh 
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not be used on drives where the torque on tlie motor shaft may 
drop below 0.15 of rated torque. 

The above charaeteristics make the series motor especially well 
suited for intermittent heavy-duty material handling and steel mill 
auxiliary <lrives s\ich as cranes, (»re and coal bridge's, \mloaders, trans¬ 
fer cars, and the like. Many series motors used in industry are of a 
tyj>e, usually designated as nnll motors or armored motors. The 
specific data given in subsecpient ])aragraphs on motor performance 
are based on design data for mill motors. 

Figure 11 is a view of a typical mill motor. 

Parallel Operation 

Tlie droo|)ing sjK'cd-torque characteristic makes seric's motors well 
‘suited for dividing load evenly when oi)erating in iiarallel, that is to 



Fi(.. 12. J^()M(1 division of two senes inoturs ojH niling m njinillel. 

^ay, when two or more motors are coupled m(*chani('ally to th(‘ same 
<inve system. As there are always slight variations in the mechanical 
and electrical characteristics of different motors of the same rating 
and tlie same design, such as friction and intc'rnal resistance, no 
two motors ever have exactly the same speed-torr|ue curve. AVhat 
liappens when two series motors operate in parallel is illustrated by 

Fig. 12. 

As the two motors nin.^t operate at the same speed, the tor(|ue 
delivered by the motors is not the same. However, as an ajqm*- 
ciahle variation in speed c(>rresponds to a small variation in torque, 
tliere is only a slight difference in the torques delivered by the two 
motors. Certain precautions, (*xplained in Chapter 18, must be ob- 
- rved in laying out the control sequence. 
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Reversing 

The (lireetion of motor rotation corresponds to the direction of 
its counter (‘inf with respect to its flux. Hence the direction of rota- 

I tion can be reversed by revers- 
ing either the annature or tlu* 
series field, but not both. Fig¬ 
ure 13 shows how a series motor 
can be reversed. 

As far as the principle of op¬ 
eration is concerned, it is im¬ 
material whether the armature 
of the field is rc'versed. How¬ 
ever, wh(‘n d('tails of reversing 
control circuits are worked up 
it is found that ofh’ii reversing 
of (he armature retpiires simi)ler 
control coniu'ctions. Therefore 
it ha^ Ix'come acc(‘pted practice 
to reverse the {irmature on re¬ 
versing controllers. 

Motor Performance Curves “ 

In the following jiaragrajihs 
means are discussed for control- 
1m(J. M('1 IkmIs of re\ <1 -c MM'ies ]j|j^ performance of series 

motors, and methods to calcu¬ 
late p(‘rfonnance curv(‘s are presented. To make the results applica¬ 
ble' generally, they are giv('n on a i)er unit basis, wlic're unity r(‘i)re- 
s(‘nts base valui's of speed, tonpie, current, and voltage. By substi¬ 
tuting numerical values iiertaining to specific motors in place oi 
unity, the per unit values can be translated into actual i)erformancc 
data. 

Base (plantities as us('d in theM' calculations are defined as follows: 
Base curn’iit = rat(‘d full-load cunviit 
Biuse tonpie = rat('d full-load tonpio 
Ikise voltage = line voltage 
Base spiH'd = rail'd speed at ratinl tonpie 

To control the performance of a d-c series motor, resistance is 
connected in various ])arts of the motor circuit. Since all other 
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fjuantities describing motor performunce are (‘xj>ressed in per unit, 
u m convenient to express resistance in per unit. Base resistance R 
defined as tliat amount of resistance which, when connected across 
line voltage, draws base current. In other words, 

I^ase resistance = line voltage divithnl by base current 

In the p(*r unit system, fis well a.s numerically, th(‘ following relation 
liokK true 

= -! (0 

J a 

It is customary for motor designers to gi\'(‘ tl)t' characttTistics of a 
motor as curves plotted versus armature current. Figure 11 is a 



^ III. 14. T 3 ’’j)ical charartf'ri.slic curv'r.s of a 3C)-niiniitp riitecl mill type d-c ecricH 

motor. 

vjiical characteristic of a SO-ininute rated mill type motor, in which 
and torque in pcT unit are plotted versus armature current 
^\iuch in the case of the series motor ecpials field current) in per unit. 
I roin such a characteristic for any given motor, factors Kt and Ks 
tt be calculated as a function of field current. For each value of 
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armature eurrent, factor Kt can hv determined directly. With the 
internal resistane(‘, tlie counter emf can be ealeulaled, from formula 2, 
for each value of current, thus obtaining factor K^i. 



0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2jO 

PER UNIT FIELD CURREN'f 

Fkj. 15. Factor K’y, for typical mill typo d-c scries motor. 


In P"ig. 15, factor Kr is jdotted versus per unit field eurrent. When 
|)(‘rforinance data of tlu‘ motor are expressed in p(‘r unit, factor Ks 
b(‘ars a diTinite ndation to AV. Normal (‘inf Ay, which is gi'iierated 
with base curr(‘nt flowing through the motor, is determined as 

A.V = F - rjli (5) 

when' V — liiu' voltage = 1, 

Ja ~ bas(* curivni = 1, 

A, = piM* unit internal resistances. 

In per unit, normal c'inf cun thus b(' expn'ssed as 

A.v = 1 - h\ (6) ■ * 

The relationship Ix'tween Kr and Ks is 

Ks = KrEs 

= A>(1 ~ R,) (7)m 

For instance, if a motor luis an internal resistance of 0.1, Ks equals 
0.9A'r. When fi(‘ld eurrent, armature current, and gimerated emf are 

♦ Fonnulai' which arc corna-t only on a ]yer unit hasi.s and cannot be used for 
numerical calculations are followed by the syml)ol ■. Formulae which cannot be 
usimI for per unit I'ulculatious and only for nuinerieal caleulations are followed 
by the symbol #. (See page 50.) All other formulae in this book hold true 
for both per unit and numerical calcul;iti«>ns. 
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known for any motor operating condition, torque and si>eed can be 
calculated as follows: 

T = Krla (8) 

and 


.S = 


E 

Ks 


_ E _ 

AV(1 - /O 


(9)» 


To calculate specd-torque curves f(^r a sim*ific motor from the motor 
characteristic curves, it is necessary to know its internal resistance. 
In Fig. 16 the per unit internal resistance of mill type d-c series 
motors is plotted as a function of motor horsepower. 



20 40 60 80 100 120 140 160 182 208 

HORSE POWER 

Fki. 10. Iniciiial icM.-^tiiiicc of null tjix* d-c inuloi.s. 

In subsequent paragraphs various metluxU of (‘ontrolling a st'ries 
motor are discussed, and speed-tor(|ue curv(‘s are given together with 
inetliods for calculating tliem. Tlie following symbols are used to 
reJ>re^ent the com]M)nent j)arts of the motor circuit and the ])er- 
formance data: 

V = lino voltage, defined as unity 
E = emf of motor 

Ai = internal resistance* of motor, assumed at 0.1 
Am = internal resistance of armature and commutating fiedd, assumed 
at 0.07 

A,/ = iiit(*rnal resistance of series field, assunu'd at 0.08 
A, = resistance in seri(*s with motor 
Ep = resistance in parallel with motor or annature 
Ea = resistance in series with armature 
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/?/ == resistance in series with series field 
== current in circuit in seri(\s with motor 
la = current in armature circuit 
If = current in series field circuit 
T == motor torque 
S = motor speed 

Speed Control by Series Resistance 

Inserting; resistance in series with the motor affects the motor speed- 
torque characteristic in the following manner. P'or each value of 
current tlie voltage drop is increased by tin* amount of drop in the 
series resistance. Ck)unter emf E can be determined as follows: 

E = r ~ (laH^ + IJi.) (10) 

For each value of current, which also means for each value of 
torque, the emf is reduced by the drop and the speed at that 

toniue is reduced corn'spondingly. 

A graphical method to dcdermiiK' motor performance is indicat(‘d 
in P^ig. 17. Let the ordinate be emf E^ unity being line voltage V, and 




Fkj. 17. iiu'thoU nf (lotninininK of srii("> on perform- 

:»nro of (l-c motor. 
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let the abscissa be per unit current. On the ordinate representing 
unity current, mark off Ri and in per unit and draw a straight 
line from the unity speed-zero torque j>()int through the point thus 
found. Where this line intersects with the ordinates of current, E 
can be read for any value of current. With Kt determined from Fig. 



Fig. 18. Speod-torqiie carves of mill Ivpo d-c seric'.s motor with variable S(‘ries 


lo, torque and speed can be calculatcHl for any assumed current from 
formulae 8 and 9. 

In Fig. 18 speed is plotted versus torque for various amounts of 
seri(‘s resistance. These curves are ])lotted assuming an internal 
lesistance Ri = 0.1. These curves can be used for motors with dif¬ 
ferent internal rc'sislance by lum])ing the difference between actual 
/f, and 0.1 with the external resistance. 

With high amounts of series resistance, the speed-torque curves 
extend into quadrant 4, where torque is jKisitive but speed is nega¬ 
tive, that is to say, where the motor retards a load by developing a 
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torque opposing the overhauling torque of the load. Resistance in 
series with the motor is well suited to control the counter torque 
developed when the motor connections are reversed while the motor 
is still running forward, that is to say, when the motor is plugged to 
rest. It is not suited to control a load iindcT the influence of gravity, 
such as a load on a hoist, since small variations in load cause wide 
variations in speetl. 


COMM. SER. 
ARM pin. FLO. 


Shunted Motor Connection 

Ckmnecting n‘sistance in parallel W'ith the armature and the field 
of the series motor afT(‘cts motor performance only if shunt resistance 

is used in combination with series 
|- resistance. P'or a given amount of 
armature current, wliich means for 
a given amount of torciue, emf 
and sp(‘ed are reduced, because 
the voltage drop across the series 
ri'sistance is incrc'ast'd by the extra 
current drawn througli the shunt 
resistance. 

Till* following r(‘lations describe 
motor p(‘rformance: 

r - /./f. 




/« - - 




( 11 ) 


/s - + /JO (12) 

If various amounts of 7^, an* as¬ 
sumed, corr(*sponding values of /„ 
and E can be (‘alculated, from 
which T and N can be determined 
by formulae S and 9. In Fig. 19 
speed-tonpie curves are plotted for 
a series r(*sistance of 1.0 and shunt 
resistances of 0.5 and 1.0. For 
comparison, the curve for no shunt 
resistance is also shown. 

Since field current and armature current are the same, field cur¬ 
rent drops to a V(*ry low value when the motor is unloaded, and the 
motor may run away. In other words, a shunted motor connection 
does not limit the no-load speed of the motor. Starting torque at 
atuudstill is somewhat reduced, because the increased voltage drop 


Fki. 19. SImnted motor connortion. 
Spced-toniiic ciirNt's for van:il>h* 
.shunt n .^i.staiicc. 
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across the series resistance reduces the voltage across the armature, 
and thus reduces the armature current at starting. At intermediate 
loads, the increased drop across the scries resistance reduces the einf 
of tlie motor, and consequently the speed. Over a certain torque 
range, the speed-torque curves are more stable, that is, a smaller 
vaiiation in speed corresponds to a given variation in torque. When 
a controller using the shunted motor connection is designed, the rating 
of the series resistor must take into consideration the extra amount 
of current drawn by the shunt resistor. 

Shunted Armature Connection 

If resistance is connected in jiarallel with tlu' armature of the 
motor only, and not its field, armature and field current no longer 


AO.. eoMM 



1.8 
i 6 
I 4 
I 2 

D 

UJ 


or 04 

UJ 

a 

02 
0 

•0 2 
-0 4 

-0 6 <-■_I_I_-i- 1 ' ‘ ‘ 1 . 1 . - 

-0.6 -0 4 -0.2 0 02 0 4 06 08 l.O 1.2 1.4 1.6 

PER UNIT TORQUE 

I'Hi. 20. Slnmtod *irm{iturc coniuTtion SpcfMl-torqiu' riinc'^ for VAria))lc shunt 

resist iiucL. 



arc equal. At no lotid, with zero armatur(‘ current, the field current 
does not become zero. Thus the no-load spe(‘d of the motor becomes 
a definite value, and the motor does not run away when unloaded. 
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The following relations exist for armature current and emf: 


la ^ If - — 


V - + IQ 




(13) 


/<’ = F - [///?,/ + IQ + IJQ] (14) 

In order to determine the spe(‘d-tor(iue curves, various amounts of 
If arc asHUinetl and corresponding values of and E are calculated. 




Fl(i. 21. Slnmtcd aiuialurc coiint'clion. S|ic('il-tor<iur ciirM's for Miriat>lc series 

rrsistanct'. 

Tor(|m‘ and spcfd are dctf'rmiiKMl by uvinu; formulat' S and 1). Note 
that values of Kr must be read for values of field current and not 
armature current. 

In Fij;. 20 speed-torque curves are plotted for a constant series 
resistance 1.0 and variable shunt resistance. Figure 21 shows cor¬ 
responding curves for constant shunt resistance 0.5 and variable 
series resistance. If a nej;ative tonjue is impressed on the motor 
l<|uadrant 2), a given speed corresponds to a definite retarding 
torque, and thus armature shunting is well suited to decelerate a 
seri('s motor from a high s]>eed to a lower speed. 

When armature shunting control is used it must not be overlooked 
that the series fudd carries more curnuit than the armature. Anna- 
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tiire sliiinting is tluTefore used only intermittently, to avoid over¬ 
heating of the field. Its j)rincipal application is to provide fast and 
smooth retardation and to obtain stable slow speeds at light loads. 

Series Generator Connection 

If the armature and field are connected in series witli resistance in 
a looj), and if tlie motor is driven by an overhauling load, the motor 
acts as a self-excited series generator. The relation between emf and 
current flowing in the loop circuit is 

E = 4- Hs) (15) 

For a given amount of s(*ries n'sistance, a definite* s])oed is ob¬ 
tained with a given arnount of tonpie. 

Speed-torque curves are calculated by assuming various amounts of 
armature current and determining corresjxniding values of K. As 



PER UNIT TORQUE 



1 !<;. 22, Sfiics gjt'iKMiitor or emerpjonev dynamic l)rakin|i^ connc^cfioii. Spoed- 
tonpic curvc.s for v:inal)Io sta’ics rcMstaiici'. 

iriiiaturc and field current are the same, torque corresponding to Ja 
<'an be read directly from I'ig. 14. Speed is calculat<*d from E by 
^i^mg formula 9. The resultant speed-torque curv(‘s an* shown in 
I’it;. 22 for various amounts of series resistance. 
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It is essential that the polarity of the field and the armature be 
chosen so that the armature current flows in a direction to build up 
the residual flux in th(‘ fi(‘ld structure. In other words, the armature 
current must flow in th(‘ same direction in which current flowed 
tlirouf^h the series fi(*ld before tlie series generator connection was 
established. If this ])recaution is not taken, the armature current 
rediic(‘s th(‘ residual flux to zero, no self-excitation takes place, and no 
tonpie is develo))ed. 

In Fig. 22 sj)eed is indicated as negative for the following reasons. 
Assume tliat the motor was connect(‘d j)r(‘viousIy to the line with 
terminal /II positive and curnud flowing through the motor from A1 
to A2 to aSI to aS2. With this conni'ction, s[)eed is assumed to be ])osi- 
tive, which corn'sjxmds to the manner in which preceding speed- 
torfjue curves are given. While the motor was connected to the line, 
its ernf was of opposite* polarity to line voltage*. With series generator 
cemnection, a braking te)r(iue can be e)btaine‘(l only when is jmsitive, 
which ine*ans that the njotor must turn in the opposite* direction e)f re)- 
tation te) obtain ce)rre‘e*t j)e)larity and current fle)W thremgh the scries 
field from aS’ 1 to *S2. 

The* s(*ri('s ge*nerator conTu*ctie)n is wide'ly used as an emergency 
dynamic braking conne*c(ie)n in case e)f powe‘r failure, especially on 
crane heusts. The motor, conne*cte*ei as a series g(*nerator, canne)t 
stop an e)ve*rhauling load; he)wev(T, an unce)ntrolled run-away cenuli- 
tie)n is avoide*(l. 'J"lie torejue* e>f the* e)ve*rhauling load e*anne)t acce‘lerate 
the ine)tor be'yond a de*finite sj)e‘e‘d. 

Shunt Generator Connection 

If the* tie*lel, in s(*rie*s with a re‘sistance, is connex*te‘d across the line 
anel the armature is alsei ce)nne‘cte*d in se'rie's with a re‘sistance, the 
me>te)r acts as a separately t*xcite*d shunt geiu'rate)r, wlu‘n driven by an 
ovi*rhauling le>a(l. The* re*latie)n be*twe*e‘n armature current anel emf is 

K = + A%) (!(>) 

Since* the* fie*ld current is cemstant, Kr is ce>nstant and the speeel-tempie 
e’urvc's are* straight line's. The*y are shown in Fig. 23 fe)r the case in 
wliich the* resistance* limits the shunt fie*ld current to unity. The 
higher the* resistance in serie's with the armature is clmsen, the higher 
the spee'el e)btaine*el for a given ovi'rhauling torepie. 

As ce)mpare‘d with the se‘ri(‘s ge*n(*rate)r coniu'ctiem, the shunt gener- 
aten* cenmection re*eiuires that pe)wer freun the line is available in order 
te) su[)ply (‘xcitation te) the fiehl. This ce)nnection can be used to ad- 



DYNAMIC BRAKING LOWERING CONNECTIONS 


39 


vantage to retard a load. It is used primarily on drives where the load 
is not under the influence of gravity, su<‘h as crane trolleys, in order 
to decelerate the trolley rapidly. 
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Dynamic Braking Lowering Connections 

A series motor, with field and armature connected in series, is not 
suitable for the control of a load which overhauls the motor under 
tii(' influence of gravity, such as the load on a crane hoist. Good con¬ 
trol of the lowTring s])(‘ed can be obtained when the field is connected 
in })arallcl w'itli the armature, as field and armature current can then 
i)e varied independently of each other, and spe(‘d-torque curves can lie 
obtained wdiich are well suited to Iowxt overhauling loads. 

Consider first the ca^e showrn in Fig. 24, where the* field is con¬ 
nected to the line through resistance, wdiich is necessary to prevent 
injuriously high currents from flowing througli the fndd. Tliis means 
that the field current is determined only by tlie amount of resistance 
Uf in series with the field. If tlie armature is connected across the 
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line without resistance in series with it, tiie relation between armature 
curn*nt and einf is 

K=-V + IaR,a (17) 

As Kt is constant for a p;iven value of field current, the speed-torque 
curves arc straight lines. 

Speed-torciue curves as shown in Fig. 24 are very satisfactory for 
lowering a load, since the change in si)eed is small for a wide change 

♦ 
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Fki. 24. Dynamic hnikm^r lowiain^!: coimc'ction Spci'd-loiqiic for vari- 

ul»l(‘ licld n\sislaiicc, no aim.ituK* i< ^i>lanc(\ 

in load, Si)eed control is obtained by varying the n’sistance in series 
with the field. Increasing the amount of 7?/, that is, weakening the 
amount of field current, increases the lowering speed. 

Although the straight shunt fi(‘ld connection obtains good results as 
a running connection, it is not well suited for a(‘celeration or retarda¬ 
tion. It is impossible to obtain low speeds without passing very high 
current through the field winding. For this reason, coniuadions using 
resistance in series with the armature or in series with both armature 
and field are preferred because they jirovide better lowering control. 

Another reason why straight shunt field connections should be used 
with caution is that, with the field carrying considerably l(‘ss current 
than the armature, the motor will become unstable. So far the ctilcu- 
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lation of speed-torque curves lias been considered under the assump¬ 
tion that armature reaction is negligible and that field current is a 
true measure of eft'ective field flux. This does not hold true if field 
current is much lower than armature current. It is then no longer 
permissible to assume Kt to be a function of field current only. When 
the motor acts as a generator, Kt may become much smaller than 
Eig. lo indicates. The maximum retarding torque which the motor 
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I'k.. 25. D^iiainic lowfi'inp: coimc'clion. 8]>cr(l-forcjuc fur\c\s for iiornial 

field cnrreni, \anal)l(' arnia(\in‘ re.Mstaiice. 

may (l('V(‘l()p is definitc'ly limited, and actual lowering speeds under 
load ar(‘ higher than shown in Fig. 24. 

This problem is discussed in greater detail under ^‘Stability Limit,” 
page 47. 

If the fic'ld curr(‘nt is held constant, but a varialilc amount of re¬ 
sistance is ins(Tted in the armature circuit, the voltage dro]) across the 
armature circuit is increased for a given amount of torfpie, and thus 
the speed increase's with incnaising amount of armature resistance, 
^ince for constant /o Kr is assumed constant, armatuic current and 
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(‘nif are a direct measure of torque and si)ecd, respectively. The 
armature current-emf relation is 

E V + Ia(Eta + Ra) (18) 

Speed-torque curves arc straight lines, as plotted in Fig. 25. They 
arc steeper than the curv(‘s shown in Fig. 24, and they are not so 
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Fk;. 26. (Iniphiml nu'tluxl for (l(‘t('riniuinir -NpccMi-loniiK' for (l>nannc 

braking Joworing connect ion. 

desirable as lowering curves, since the speinl varies considerably with 
tonpie changi's. IIow(*v(t, as the curves intersi'ct with the zero spi'cd 
line at comparatively low torcpie values, armature rc'^istance can be 
used advantageously to control acci'leration to the more stable curves 
with no resistance in the armature circuit. 

Widely used is a motor connection with resistance in series with 
armature and field, as b<*fore, but with an additional amount of re¬ 
sistance in series with both armature atnl field. Field current thus is 
no longer constant but varies with loa<l, because the voltage drop 
across tlie series resistance varies wuth load. Voltage across the field 
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circuit likewise varies with load. The following relations exist for 
current in the various branches of the motor circuit: 


V = IfiEif + Rf) + IsRe = 1 

( 19 ) 

E = IfiRtf + Rj) + laiRta + Ra) 

( 20 ) 

/. = //+ la 

( 21 ) 


To calculate speed-torque curves. If, 7^, and E have to be known 
for each speed and torcpie point to be ])lotted. The equations above 
show that the relations between E and tlie various currents are linear. 
A siin])lc graphical method for determining E, If, and 7„ is given in 
Fig. 26, and, as an exami)lc, Kj, Rf, and R^ are each assumed to be 0.5. 
The object of this method is to determine the straight line functions 
for la and 7/ versus E. Three ]K)ints on each line can be (h'termined 
as follows: 

1. Assume E — 0. Series current tiirough armature and field can 
he exjiressed as 

Is --- (22) 

’^1 I 

/f,,. + /<■« ^ A',/ + /«*/ 


Vs th<‘ voltago (iroj) ju-rosh the fu-ld iiiid aiiiialun* circuits must be tin* 
same, 


R,a t Rii d Rij 4 Rf 

// = /,- la 


(23) 

(24) 


2. Assume la = 0. Soric‘S uml field current are (>(iual. 


1 / = /, 


V 

R, + Rtf + Rf 


R is e<]ual to the voltage drop across the fu'ld circuit. 


E = IfiRtf + Rf) 


(25) 

(2G) 


3. Aasume /» = 0. Field and armature current are of ecjual magni¬ 
tude but oppo.sito direction. 


V 

-la = If = - 

R,f + lif 


(27) 


E = V -i- Ta(Ria + Ra) 


( 28 ) 
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Plotting the three points of /« and 7/ versus E gives the straight-line 
curves of Fig. 26. For various values of corresponding values of 
If and la arc read. For values of If thus obtained corresi)onding values 
of Kt are obtained from Fig. 15. Torcpie and speed arc then calcu¬ 
lated, using formulae 8 and 9. 

With tiiis method of calculation, speed-torque curves can be plotted 
for various combinations of series, armature, and field resistance. In 
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Fki. 27. Dynamic hrakiiiK lowcrinu: connection. S|)c(Ml-tor<iu«‘ curve's for 0.5 
serit'.s rc.siMance, no armature r(‘si>tance, variable fii'Kl rcsi.'^taiice. 


Fig. 27 curves are j)lotted for variable fi(‘ld n'sistance, s(‘ries resistance 
of 0.5, and no armature resistance. As it is to be expected, s])eed 
increases with increasing field re.'^istaiua'. Tlu'se curves resemble Fig. 
24 in their general shape, but the addition of series r(‘si^tance in the 
motor circuit has the following efTect: 

1. Negative tonpie is reducetl; thus this conn(‘(‘tion can hv used for 
control of acceleration. 

2. No-load speed is somewhat reduced. 

3. The curvt's show more droop, that is, sj^^ed change with load 
change; but at high loads the (*urves tend to become more stable. 
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Although this flattening out of the curves at high loads is desirable 
for lowering variable loads, it is an undesirable feature when a load 
is to be decelerated. Introducing resistance in series with the arma¬ 
ture steepens the curves and thus reduces torque and current peaks 
during deceleration. In Fig. 28 speed-torque curves are plotted for 
the same condition as in Fig. 27, except that resistance of 0.5 is 
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1 K. 2S J)\n,iiui( hi.jkiiiR loworinp; roaiUH'hon. S]H'od-tonuio curves for 0.5 
s('ru\s 0.5 arni.iluic n‘'istuucr, \an.ildc livid re.MsIiiiico. 

add(‘d in series witli the armature. A crimparison of tlu'se curves 
corresponding curves of Fig. 27 shows the following difference: 

1. With field resistance l)etween a])pr()xiniately 0.25 and 1.0, nega¬ 
tive starting torepa' chang(‘s very littk* with field r(‘sistance. 

2. Armature resi'^tance has no efT(*ct on no-load speed, as la is zero, 
and thus armature droj) is zero. 

3. With increased load, the curves show a mon* jironounced drooji, 
wliich makes tluan less desirable as running curves but desirable 
as intermediate decelerating curves. 

To illustrate the eflect of varying amounts of resistance in series 
'Mth the armaturi\ speed-torcpie curves arc jdotted in Fig. 29 for field 
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resistance of 0.5, series resistance of 0.5, and variable armature re- 
Mi-tance. The no-load speed point of all <*urves is tlie same, as 
armature current is zero and armature resistance causes no eolta^e 
drop. Increasinf^ the amount of armature resistance increases the 
steepness of the curves. Greater speed changes correspond to given 
load changes, and the available negative torcpie is decreased. 

W'hat happens when the amount of series resistance is varied is 
shown by the sj^eed-torcpie curves of Fig. 30. With no series resist¬ 
ance, the speed-torqu(‘ curve is a straight line such as slu)wii in Fig. 
25. Adding series resistance reduces th(‘ no-load sju'ed and the nega¬ 
tive starting torque. At higher loads, th(‘ curves a])]m)ach asymptot¬ 
ically the straight-line curve for zero series rt‘sistance. 

Stability Limit * 

Speed-tonjue curves shown so far in this cha])ter have 1)een calcu¬ 
lated under the assumption that armature reaction is negligible, that 



PER UNIT ARMATURE CURRENT 
Fig. 31. Factor A'y, for \an.il>lc ti( Id and aimaliiK' ciirK'Hl. 

held current of the motor is a true meaMin* of (‘fleetive flux, and that 
Kr is only a function of field current. When dynamic braking con- 
n(‘ctions are us('d, the motor may operate with a field cijrr(‘nt con¬ 
siderably smaller than its armature current. Armatun* reaction lh(‘ii 
has a iironounced effc'ct in r(*ducing the effective flux while the motor 
i^ acting as a generator. This causes the s])eed with overhauling loads 
to be higher than the calculat(‘d value. Also the maximum retarding 
torejue, which the motor is able to develop, is limited. 

When armature current is high and field current is reduced below 
normal, factor Kt not only is a function of field current, but also 
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varies with armature current. The effect of armature reaction is 
such that increasing arrmature current reduces Kt below the values 
given in Fig. 15. In Fig. 31 curves of Kt versus armature current are 
plotted for varying amounts of field current If, for an average mill 
type motor. The curves are drawn both for motoring, that is, the 
motor driving a load, and generating, that is, the motor being over- 


Fui. 32. 
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motor stahilitv linut witli wc.ikonrd fi« l<i, no .sc'ik's if sisjaiico 


hauled by a load. For any particular motor, curves as given in Fig. 
31 must be obtained from test data. 

What armature reaction means to motor performance is indicated 
by the curves of Fig, 32. These curves are drawn for the same circuit 
as used in Fig. 24, and a compari.son of the two sets of curves is of 
interest. The speed-torcpie curves are actually not straight lines, 
but as the overhauling toixpie increases, the motor speed increases 
considerably above the speed indicated by tlu* straight-line curves. 
Also, for each amount of field strength there is a corresponding torque 
beyond which the motor is unable to restrain a load. This maximum 
torcpie is the stability limit of the motor, which must not be exceeded. 
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Otherwise a run-away condition exists, which moans tliat no-load 
speed may not be increased at will by field weakening. 

AMien motor performance is judged with respect to stability, it is 
important to consider not only steady state but also transient condi¬ 
tions. Torque peaks, which may occur during acceleration, may ex¬ 
ceed the stability limit of the motor and cause a run-away condition, 
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Fkj. 33. Dynamic hrakiiiK lowering coimcclion. SpctMl-lonpic <*uvm‘s showing 
motor stalalily liinil with wc'akcncd rK'l<I, 0.15 scries rcsihtaiua'. 


even though tlie steady state load on the motor is well within the 
staliility limit. 

The stability limit of a motor can be increased by adding a eorapara- 
tiv(‘Iy small amount of series resistance, with the following effect. 
\Vith an overhauling load, the motor acts as a generator and current 
flows from the armature into the system. When the tortpie is high, 
that is to say, with high armature current, the voltage drop in the 
series resistance causes a greater amount of current to flow through 
the field circuit so that the field is strengtliened as the overhauling 
loatl increases. In Fig. 33 speed-torque curves are plotted when a 
^eri<‘s resistance of 0.15 has been added to the circuit 
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A comparison of Figs. 32 and 33 shows that the additional series 
resistance has little effect on the curves at lip:ht and moderate loads. 
However, the series r(‘sistance has a noticeable effect in increasing the 
torcpie at which the stal)ility limit occurs. As a safeguard against 
run-away under steady load or under tonpK' peaks, a certain amount 
of seri(*s r(‘sistance should be used wh(‘ri laying out a dynamic braking 
lowering controller. 

SHUNT MOTORS 

The shunt inotcn* derives its name from the fact that the field is 
connected to the line in paralhd with the armature. Its flux, arma¬ 
ture* reaction neglected, is indep(‘ndent of the load or armature cur¬ 
rent and det(*rmined solely by the amount of curnmt flowing through 
the shunt field. It follows that, within the normal load range of the 
motor, torcjue is j)roportional to armatuni curr(‘nt and s])eed is nearly 
constant, except for the natural regulation due to the voltage drop 
through the armature circuit. 

Since* spe'(‘d is inversely j)re)pe)rtional to flux, the spe*ed of a shunt 
inote)r can be varie'd by e*hanging the amount of shunt fie*ld current. 
Stanelard shunt m()te)rs are rated us either constant speed or adjust¬ 
able* spc'e'd motors. ('oustant-spe*e*d motors are built to operate with 
constant field curre'nt at a spe‘e‘d calle*d basic si)e*e'd. Adjustal)le-s])e*eMl 
me)t()rs are* de'signed to e)perate* ove'i* a givem spe‘e‘d range e)btaine*el by 
w(*akening the shunt field curre'nt. A spee*d range uj) te) four time's 
basic sj)e'e’d can be e)btaine*d with standard motors, although higher 
s])e*e*d nmges have lu'en ol)taiiu*d with specially eU'signed mote)rs. 

In ceuiiu’ction with the cale'ulation of pe'rformance curves for series 
motors it has been shown that, when a motor operate's with re*duc(*d 
fie'ld strength, armature reaction ri'diice's tlu* (dTe'ctive* flux. The same 
holds true for shunt medeu's. The etlVct of armature reaction is to in- 
e*r('ase* the motor speed unde*r load above the* speed at which the motor 
- would op(‘rat(' if then* wt*re no armature reaction. In fact, the speed 
under load might rist* above the no-loa<l spt'cd. For this reason many 
adjustable-sj)ee(l motors and some constant-speed motors are built 
with a stabilizing winding, which is a series fii'ld winding of a few 
turns, designed so that it t)vercomes the demagnetizing efTect of arma¬ 
ture reaction. At basic speed and normal load the stabilizing field has 
little effect on motor performance. However, at high s])eed and 
weakened shunt fic'ld strength, and at high loads, the stabilizing field 
strengthens the t'tTective flux appreciably, which results in a drooping 
speed-torque characteristic of the motor over a wide range of load. 



SHUNT MOTORS 


In Fig. 34 the basic connections and a typical speed-torque curve 
are sliown for a general-j^urpose, continuously rated sluint motor. 
The shape of this curve indicates that the siiunt motor (litlers from 
tlie series motor in the following resi)ects: 

1. Maximum })ermissible torque is considerably less than for the 
series motor, making the shunt motor less suitable for starting 
heavy loads. 
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(l-o shunt motor. 


2. Speed varic's much less with load, so that the shunt motor is 
b(‘tt(T suited for continuously running driv(‘S, wh(‘re a substanti¬ 
ally constant speed over a wid(‘ range of loads is d(‘sir(‘d. 

3. No-load spcM’d is definitely limited, which means that a com¬ 
pletely unloaded sliunt motor does not run away. 

For convenience in calculating motor ])erformance, the no-load 
''Ptvd with full-field excitation, rather than the full-load sp(‘ed, is 
called base speed or unity. It is the* basis on which speed is expressed 
ni subsetjuent j)aragraphs. Bas(‘ torque, of course, is the rated full¬ 
load tonpic of the motor. 
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In Fig. 34 certain limitations in the application of the shunt motor 
are indicated. The commutating limit is the amount of torque the 
motor can deliver for one minute without injurious sparking. The 
maximum permissible torque is the amount of torque which the motor 
is guaranteed to deliver instantaneously without injury to the me¬ 
chanical parts, the commutator, and the brushes. This torque must 
not be exceeded when switching between controller points. The inaxi- 



Fkj. 35. 0('n('ml-purj)oso d-c sluint motor. 


mum hreak-iloif'Ti ionjue tlu' motor is able to develop electrically is still 
higher, the exact amount varying greatly with ditTerent motor designs. 
This bieak-d(jwn tonpie is of theoretical interest only because com¬ 
mutation limitations jirevent its being utilized at the motor shaft. 

Motors of di(T(*r('nt lines deviate somewhat from the curve shown 
because of ditTerenc(‘s in mechanical and electrical design. Also, the 
effect of the stabilizing field varies with individual motors as the 
strength of the stabilizing field can he varied only by full turns. 
Therefore, the relative ampere-turns jmuluced by the stabilizing field 
winding vary considerably for motors of the same line. This causes 
variations in the droop of the speed-torque curve at high loads and 
in the amount of ina.ximum break-down torque. 

By far the largest number of shunt motors used on industrial appli¬ 
cations are general-purpose, continuously rated motors such as shown 
in Fig. 35. The curves given in the following paragraphs apply to 
that type of motors. Mill type, intermittently rated shunt motors are 
available for particularly heavy service, and their commutating limit 
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and maximum permissible torque are considerably higher than those 
of general-purpose motors. Likewise, large and special motors are 
often designed to meet special specifications, and their characteristics 
may vary considerably from those of average general-purpose motors. 
However, for most control applications, sufficiently accurate results 
may be obtained if motor performance is calculated under the assump¬ 
tion that the basic si)eed-torqiie curve is a straight line, at least up to 
normal load. 


}m(,. 36. 
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motors 


As long as a shunt motor is op('rat(Ml at full field, its toiapa' is di- 
rcM'tly ])roportional to armature current, and th(‘ motor is capahh* of 
dcliv(*ring constant ionpu , \\'hen an adjustahk'-speed im>tor ojhu’- 
atc.s with rcaluced field, tlie same amount of armature curraait i)ro- 
duci'h a torcpie ])ro})ortional to the rt'duccal fit'ld strength. As arma- 
turt‘ current limits the rating of the motor from the heating j)oini of 
view, the maximum permissibl(‘ armature current limits the tor(}ue 
^^hlch the motor is ahh’ to deliver. As sp(*ed is inversely proportional 
to field strength, it follows that, at speeds al)ov(‘ basic, tlie product of 
tonpie and speed whicli the motor is able to develop is constant. In 
other words, the motor operates as a constant horsepower machine. 
The constant tor (pie and constant horsepoirer ranges of ojieration are 
illustrated in Fig, 36. Commutating limit and maximum torque vary 
with sjieed in the same ratio as the running toripic. 

In some motor designs the better cooling obtained at higher speeds 
1" taken advantage of, when determining th(‘ rating, and a somewhat 
higher horsejiower rating is allowed at speivls above basic. Such 
motors are called variable torcpie motors. Their toripic above basic 
'"peed is Mimewhat higher than sliown in Fig. 36 but falls short of 
being constant. 
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Parallel Operation 

Shunt motors do not loud thcrnsclvos roadily to parallel operation. 
FiKure 37 shows what hapi)ens if two motors liavin^ the same no-load 



Load division of two d-c shunt motors operatinj* in parallel. 


sp(‘(‘d hot slif»litly diffen'nt characteristics tire m(‘chanically connected 
in pariilk‘1 to th(‘ same load. Dotli moiors must run at the same speed. 



FitJ. liS. IMethods of re\ ('rsinj; <l-e shunt 
luotor'^. 


As a lar^e variation in torque 
corrc'sponds to a small variation 
in sp(‘e(l, th(' two motors take 
wid(‘ly diflerent shares of tlieir 
load. Shunt motors are there¬ 
fore not suitable for ()])eratinp: 
in paralhd on the saini' load, un¬ 
less special steps are taken to 
t‘(Hializ(‘ the load taken by the 
two motors. 


Reversing 

A shunt motor, like a series 
motor, can be reversed by re- 
ver'^ing eitlu'r its armature or its 
field, as is indicated in Fig. 38. 
If the motor is ('(|uip[)ed with a 
stabilizing winding, field revers¬ 
ing of the motor necessitates re- 


vi'i’sing of thc‘ shunt field as well 
as the stabilizing field. Further- 


mor(‘, switching of the shunt fndd, because of the high inductance 
of the field windings, is likely to cause high switching voltage surges 
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and reciuircs special precautions in the layout of the control. BecaUvse 
of its greater simplicity, armature reversing is used nearly exclusively 
on reversing controllers for shunt motors. 

Field Switching 

The shunt field circuit of a motor possess(‘s a high inductance. A 
resistance cannot store energy, and the current Mirough ri'sistance 



O- B - Dt ENERGIZING SHUNT FIELD 

Fkj. 39. SwitcliiiiK of a hliuiiL lu‘)<l ejn'uil. 


can he changed instantly. An inductance, however, is capable of stor¬ 
ing energy, and such energy is stored in the flux. This energy cannot 
he built uj) or dissij)ated instantly; it ref|uires a definite amount of 
tune. If the voltage across an inductance is (‘liangcfl abruptly, a cur- 
lent transient is set up which opj^oses an abrupt change and causes tin* 
c urrent to change gradually. If, through some external means, the 
' urnait is changed abruptly, the energy of the flux forces an abrupt 
' liang(' in the voltage across the field. 

Figure 39 illustrates the phenomena which occur when a shunt field 
circuit is switched. 
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Consider first the case that the shunt field is energized, which is 
shown in sketch A, At the instant at which the switch is closed, 
voltage V is suddenly applied to the field. This instant is zero time 
or i = 0. The steady state field current which is ultimately reached 
is 



where V = steady state voltage acn^ss fields in volts, 

1/ = steady state fi(‘ld (‘urrent in amperes, 
li/ = shunt field resistance in ohms. 

However, this amount of field current does not begin to flow 
abruptly at the instant tlie switch closes. A transient condition is set 
up, and Ihe current rises from zero to its steady state value according 
to an expon(‘ntial curve. The instantaneous value of field current 
versus time follows this relation: 

J> = 7/(1 - (30) • 

where i/ == instimtaneous-field curr(*nt in amper(\s, 

L/ = shunt field inductance in h(‘nrys. 

Exjumential factor Lf/li/j called tlie time constant of the field, is 
expressed in seconds. If the time constant of tlie fi(*ld is known, the 
time re(|uir(‘d to build iij) field strength to ().fi5 of its steady state 
value is tlire<‘ times th(‘ time constant. A field with a high inductance 
compared to its resistance has a higher time constant than a field 
with a low' inductance. CleruTally speaking, the fields of larger motors 
build up more slowly than the fields of smaller motors. 

''Fhe time reciuired to build uj) the shunt field is of no importance 
to the control of continuously running driws. However, the time 
constant of the field beconu^s extremely im]H)rtant when control is 
considered for intermittent or adjustable-sjX'cd drives, wdien it is 
necessary to determine how fast the motor can possibly respond to a 
given control impulse. 

Not only does the ex])onential rise of field current take place when 
the voltage across the field is changed from zero to a finite value but 
also, if the voltage is changed from one value to anotlier, the change 
from one current lev(‘l to the other follows tlie same exponential func¬ 
tion and a time i‘(|ual to three times the time constant of the field 
is recpiired to change from one current level to 0.95 of the difference 
betw'een <*unvnt levels 
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Consider next the case where the field is disconnected from the power 
source. If it were possible to open the field circuit in zero time, the 
rate of change of field current would be infinity, and an infinitely high 
voltage would be induced in the field winding. Actually, tlu* current 
cannot be interrupted in zero time because of arcing on the switch, 
but it can be interrupted within an extremely short time, which means 
that the rate of change of current and the voltage across the field 
winding may become very liigh. Oscillograiihic tests on field circuits 
of standard 250-volt shunt motors have shown that voltages of 10,000 
() 20,000 volts may appear across the fi(‘ld t(‘rminals if flu* field is 
inferru})ted instantly. Such high voltages will of course lead to de- 
.vtruction of the field coil insulation. 

High V()ltage peaks across the field winding can bc' avoided if the 
fi(‘l(l current is given an opportunity to decay gradually. It can be 
accomiilished by connecting a discharge resistor across the field wind¬ 
ing. In sket(‘Ii B of Fig. 39 voltage across tlu* fu'Id w’inding ami (*ur- 
niit ar(‘ shown as a function of time, if tlie fi(‘h! is de-eiuTgized by a 
switch, w'ith a discliarge resistance /?,, connected in ])arnllel wuth the 
field. If current // flow^s through the field at the instant the swutch 
1 ^ opened, tlie instantaneous fitdd current decays according to tlie 
formula 

(31) 

rh(‘ instantaneous voltage v across tlx* fi(‘ld, aftcT opening of the 
-witch, follows tlie fuiietion 

r =r W (32) 

A/ 

Th(‘ initial voltage peak at tlie instant of the opening of the switch 
ecpial to the voltage originally apjilied to the fudd, multipli(*d by 
the ratio of discliarge resistanee to field resistance. In the example 
of Fig. 39 the discharge resistanee is as.sumed to bo three times the 
field resistanee. Thus the initial voltage peak is three times the 
originally applied voltage across the field. By the use of a discharge 
r(‘sistor, the voltage peak can be limited to a safe value. 

The formulae for the build-up and decay of field current and field 
voltage aj)j)ly generally, and the curves in Fig. 39 are plotted with 
die assumption that tlie inductance of the field is constant. This is 
uot true in actual fact. The core of the field of d-e machines con¬ 
tains iron, the permeability of wdiich is not constant. Tlie inductance 
of till* fiedd varies as a function of field current, and oscillografihic 
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tests liav(‘ shown that the field current during a switching operation 
does not follow an exponential curve. 

Figure 40 is a typical current build-up curve of a d-c field, as taken 
from an oscillogram. The shape of the curve indicates that the in¬ 
ductance of th(‘ fi(‘ld varies greatly with changing current. If the 
sohition of a control problem makes it necessary to know definitely 

the time recpiired for building up 
a field to at least approximately 
full strength, oscillographic tests 
should b(‘ taken to determine the 
actual rate of build-up of field 
current. From such oscillograms 
an (‘(juivalent inductance can be 
calculat(‘d which, if it were con¬ 
stant, would obtain a build-up to 
ai a 2 0.95 of ultimate field current in 

Typir..,! Imil,l-n,, . uvv.-of fx ld 

cuirciil us (uk.'ii from oM'illo(!runi. I«iil«l-ui>, whirh is three times 

tlie time constant L//Rf. Such 
an inductance' can then be used with a fair degree of accuracy 
to calculate* rise* and ele'ctiy of fielel current under varying circuit 
e*onelitie)ns. 

The* amount e)f inductance* and the variatiem of inductance with 
fie'ld e*urre‘nt do not alTe*ct the magnitude* e)f the initial voltage i)cak 
which e)eM*urs whe‘n the fie-Iel e*urr(*nt is inte*iTui)te‘d anel a elischarge 
resistance* is uscel. 

Armature Control 

AVith C(»nstant field e*xcitati(m em the motor, speed is prope)r- 
tional te) generate*d voltage* eer counter enif, which is c*eiual to the vedt- 
age applie'd to the armature less the ve)ltage droj) in the armature 
circuit. If the no-load spe*ed is assumeel te) be base spee*d or unity, 
and the voltage* drop is e*xpre*sse*el in pe*r unit of a])plied voltage, the 
full-load spe'ed is eepial to unity less armature dre)p. The spe*ed of a 
sliunt me)tor can be varie*d by inse*rting resistance in series with the 
armature. At no load, that is, at zc*ro torepie anel zero armature cur¬ 
rent, e*xternal re'sistance de)es not cause any aelelitional voltage drop, 
and the no-loael speeel iTinains unity. At rated tore]ue, that is, with 
base armature e*urr('nt, the elrop in p(*r unit is numerically equal to 
the sum e)f inte'rnal and e'xte*rnal armature resistance, expressed in 
per unit. 
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As with scries motors, base resistance is defined as the ratio of base 
voltage to base current. Base current, strictly speaking, should be 
defined as full-load armature current. As the field current is only a 
small percentage of tlie full-load armature current, it is ])eTinissible 
to assume base current to be the rated full-load current of the motor, 
which includes the field current, as published in motor handbooks. 
When speed-torque curves are calculated and resistors are laid out, 
it is important to know, at least approximately, the internal armature 



HORSEPOWER 

Fig. 41. Internal reMstiince of ^^^n^^al-nnrno^e continuoielv r.itcd d-c shunt 

niotor'< 

revivtanc(‘. In Fig. 41 internal resistance in p(T unit is ])lotl('d versus 
horsepower for standard, continuously rat(‘d shunt motors. T1 h‘ in¬ 
ternal r(‘sistanec of jiraetieal motors vari(‘s over a considerable rang(‘, 
and Fig. 41 gives a band, bordered by an upper and lower limit. Slow- 
^peed motors have higher resistanee than high-speed motors. Ad- 
justabh'-speed motors have higher resistanee than constant-sj>eed 
motors. 

Figure 42 indicates how the speed-tonpie curve for a given amount 
of resistance in the armature circuit can he detiTinincd. Plotting 
internal resistance Rta and external resistan(*e on the base tortpie 
line obtains a point representing sp(‘ed in pt*r unit at base torque. A 
‘straight line through this point and the base s])eed-zero tonpic point 
1"' the eurve of emf or speed, expressed in jx'r unit versus torque. In 
per unit, starting torque equals -f-7?„I, provided Ra is large 

enough to reduce starting torque below maximum tonpie. Increasing 
the amount of Ra decreases the spi'ed at a given load. The reduction 
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in speed is increased by increased load. At no load, resistance in the 
scries with the armature has no effect on motor speed. The starting 
torque decreases with increasing Ra- 

For the sake of simi)licity, the influence of armature reaction and 
the effect of the stabilizing field have been neglected, and it has been 
assumed that the stabilizing field compensates armature reaction 
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Fj(1. 42. SjHHMl-fonnio cunt* of H-r phunl motor with rt'sKstanco m with 

lh(' urriKitun’. 

witilin tlu' load ranu;c' uiuUt coiisidt'ralioti. C'onscciuontly, it has been 
assunu'd that factor Kr is constant, bt'canse the shnni field current 
remains constant. As the stabilizing field in many cases does not fully 
compensate armature reaction, the motor speed at full load and at 
higher loads may be slightly higher than the above method calcu¬ 
lation would indicate. However, the error thus introduced is generally 
not of sufficient importance to warrant the complication of considering 
variations in AV with armature current. 

Sometimes it is desired to reduce the no-load speed below its base 
value. Tliis can be done by ‘'shunting the armature,” that is, by con¬ 
necting resistance both in series and in juirallel with the motor anna- 
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tun-. Suc-h a connection is siiown in Fig. 43. Tlie following relations 
cM-t for armature current and emf: 


Ta = I, - 


y - LRg 

Ho 


(33) 


= r - (34) 

Wit!) zero armature eurrent, K becomes less than T", whicli means 
that no-Ioatl speed is reduced below base speed. 
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^ J<'. 13. Gra])Ii]cjiI nietliod of dotcrniininji: ^pccHl-toniiu' cune of <l-c slmnt 
motor with armature .shunt connection 

In Fig. 43 a graphical solution is given for determining speed- 
torque curves for various amounts of series and paralh*! r(‘sislance.^ 
Internal resistance Rui in per unit is plotted on the base torcjiie line 
Irom tlie base si>eed point and the zero si)eed j)oint. From the points 
thu-^ obtained straiglit lines are drawn through tlie base speed-zero 
torfjue point and the zero speetl-zero torque j)oint, re.sp(*ctively. From 
die zero torque line, \/Rp is plotted to the left and l/i^u to tlie right, 
\Nhere they intersect with the above-mentioned straight lines. A 
^^raight line through these points of intersection is the speed-torque 
(nrve. The grapliical solution can also be used to determine the 
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amount of series and parallel resistance necessary to obtain a desired 
s})(‘ed-torcjue characteristic. 

S})e(‘d-tor(iue curves for shunted armature connection are less steep 
than for straiglit series resistance connection. A lesser amount of 
speed change corres]:)onds to a given amount of tor(|ue change. With 
series resistance li,, held constant, the no-load speed decreases as the 
amount of i)arall(‘I r(‘sistan(‘e Rp is decreased. Changes in Rp have 
little influence on the starting tonpie, which is largely governed by 
Ra. Witli parallel resistance Rp held constant, increasing Ra de¬ 
creases th(' no-load s])ei‘(l and the starting torque. 

Speeds below base sjx'cd are obtained in the* negative torque quad¬ 
rant 2. A considerable amount of braking torc]ue developed by the 
motor when its armatun* is shunted can be utilized for slowing down 
the motor (piickly. It is possible also to obtain speeds below basic 
speed if the load on the motor is ov(‘rhauling. 

Dynamic Braking 

Wh(‘n the motor fic'ld is connected across the line and the armature 
short-circuited through a resistance, and the motor is then driven by 
an overhauling load, it acts as a shunt generator feeding current into 
the resistance. This operating condition is the same as shown in Fig. 
28. Dynamic braking is used (piite freciuently to bring a motor to 
a (juick stop. 

Field Weakening 

As the spiH'd of a d-c motor is inversely ])roportional to the effec¬ 
tive flux, the sp('(*d of a shunt motor can be increa'^ed by weakening 
its shunt fit'ld currt'ut. It is done by inserting rt'sistance in series 
with the shunt field. As the design of tin* field structure of motors 
of various sizes and th(‘ saturation of difTerent motor fields vary 
consid(‘rabIy, tln'n* is no general formula for determining the effective 
field strength and tlu‘ spee<l for partial fii‘ld currents. Figure 44 gives 
. the relation of no-load speed as a function of fii4d current for a typi¬ 
cal shunt motor. Speed is expressed in }ht unit of base speed, and 
fiehl current is expressed in per unit of full-fudd current. The sjieed- 
field current curve applies to a specific motor. It is indicative of the 
general shape of tiie curves to be expected, but it is not sufficiently 
general to permit the use of the curve as a basis of calculating tlie 
performance of other shunt motors. 

In order to predict motor perhirmance under weakened field con¬ 
dition, it is nece'-sary to obtain from the motor designer a curve 
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giving no-load speed as a function of field euri'ent. With a given 
no-load speed, as determined by the desired performance of the drive, 
the complete speed-torque curve of the motor can be determined as 
follows. Since torque varies directly and speed inversely with flux, 
base armature current iiroduces a torque which, on a j)er unit basis, 
is inversely proportional to no-load speed. If the stabilizing winding 
fully neutralizes armature reaction, base current flowing through the 
armature causes an armature voltage tlrop and a j>er unit drop in sjieed 
between no load and full load, which is the same as under full-field 
condition. For instance, if no-load sj)ee(l under weakened field condi- 



I K. 41. Tyiucal d-c ^Imnt motor sliowim? variation of sp(*(’(l witli fadd 

cun (‘til. 

lions is twice liast* tlK‘ Munc drop in sp(‘(‘d which would occur 

ill full loiid with full field occurs jit oiu‘ half hjisc fonpic. Tlic spoed- 
torcjuc curv(‘ btdwccn no load and full load is a straight lino, as 
iiriniituro curront and armature drop are proportional to tonpie. ('oin- 
niuliition limit and maximum permissible torque vary inversely pro- 
j)ortiomd to no-load speed. 

Tn 45 tyjiical sjieed-torque curves are plotted for a four-to-onc 
adjustable-sjieed shunt motor with field eontrol. Sjieed is expressed 
in ])er unit of base sjieed, and tonpie is exfiressed in per unit of full¬ 
load tonpie at base speed. At higher speeds, regulation becomes 
poorer, and a given torque change causes a greater variation in sjieed 
thiui at lower speeds. The maximum breakdown torque of the 
motor is inversely proportional to no-load speed. A motor with a 
maximum tonpie of 2.4 at full field develops only a maximum torque 
“f 0.6 at a no-load sjieed of 4. In order lo obtain a reasonably high 
starting tonpie, controllers for adjustable-s})(‘(*d shunt motors should 
make provision for starting the motor with full field. The foregoing 
statements are based on the assumption that armature reaction is 
fully compensated by the stabilizing field. Actual motor performance 
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curves may deviate somewliat from the ones shown in Fig. 45, as in 
many motors the design of the stabilizing field is a compromise. 

If the field circuit of a shunt motor is interrupted so that no field 
current flows, the effective flux is not reduced to zero but a small 
residual flux remains. With the armature circuit connected to the 
line and the motor driving a low-friction load, for instance a motor 
generator set, the resiflual flux may enable the motor to develop 
sufiBcient torque to overcome the load tor(|U(' and the motor may at- 
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Fkj. 15. Typicjil .sprcd-loHiuc 


(Ui\(N of {uI|u^(al>h‘-sp(.M (1 (l-c hliiint motor with 
hold control. 


tain a A'ery higli speed. Therefore, controllers for shuni motors, 
which are likely to be lightly loaded or even overhauled, should 
make provision to jirevent energizing the armature circuit in case of 
loss of field current. 


COMPOUND MOTORS 

CoiufKiund motors are e(]uipped with both shunt and series fields. 
The shunt field supplies a flux substantially constant and independent 
of load, as in shunt motors. The series field sup])lies a flux which 
varies with load, as in series motors. Sf)eed-tor(|ue characteristics 
are a cross between those of shunt and senes motors, their shape 
dejxmding on the relative amount of shunt and series field. 

In Fig. 4H tyiMcal speed-torcpie curves are jilotted for compound 
motors. Curve A applies to a motor in which the series field is pre¬ 
dominant. It <*Iosely resembles the curve for a series motor, except 
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that the no-load speed is limited to a definite value. Motors with 
Mieh a characteristic have the advantage of a high starting torque 
and the drooping speed charHcteristic, associated with the series 
motor, and they can be used in cases where the motor may be com¬ 
pletely unloaded without danger of a run-away. Curve B belongs to 
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a motor in whicli, at full load, shunt and series field are of equal 
"tri^ngth. The curve is flatter than curve *4, but it still })osse8ses an 
appreciable droop, and the motor develo])s a higher starting torque 
than a shunt motor, although less starting torque than a series motor. 
Curve C pertains to a motor in which the shunt field is predominant, 
riie curve is slightly more drooping than that of a straight shunt 
motor, winch makes the motor better suited for loads that change 
•suddenly. This increased droop obtains better division of load if 
motors are operated in parallel. 

Compound motors are reversed by reversing either the armature 
both slumt and series fields. Armature reversing is preferred bo- 
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cause control connections are simplcT. If the shunt field can be opened 
by the controller, a dischar^^e path must be provided. The speed- 
torque characteristics of compound motors can be varied by inserting, 
resistance both in the shunt fi(*ld and in the armature circuit. Thus 
speed control is possible by the same type of circuits described for 
series and shunt motors. Speed-tonpie curv(‘s can be calculated by 
the same methods explained for seri(‘s motors. It is -necessary to de¬ 
termine a curve for Kr as a function of field current from the motor 
characteristic curves. (Calculating field and armature currents and 
armature drop from the circuit constants yields Kj and thus torque 
and speed can be ol)tain(*d with the lielj) of /v^. 


ADJUSTABLE-VOLTAGE SYSTEMS 

Since the speed of a shunt motor is proportional to its electromotive 
force, which is etpial to voltage applied to its armature l(‘ss the volt¬ 
age drop in the armature circuit, the speed of a shunt motor can be 
varied by varying the voltage impressed on the armature. Speed 
control based on this princii)le is called adjustable-voltage control or, 
after its inventor, Ward lA*onard (Control. For this syslcan of control 
it is necessary to j)rovide a sour(*e of adjustable-voltag(‘ direct cur¬ 
rent, which is most conveni(‘ntly obtainc'd from an individual d-c 
generator, usually of the shunt or compound wound type. The d-c 
generator is provided for the sole purpose of sup])lying power to its 
associatt‘d d-c motor. It is driviai either by an elirtric motor or a 
j)rime mov(T. 

Although the cost of an adjustable-voltagc' system is considcu’ably 
higher than the cost of a conventional shunt motor, because of the 
sepai*ate gen(‘rator std with its starting e(iuipment, it is one of the 
most widely used systems of control wlierever exacting service re¬ 
quirements are to be met or when large d-c motors are to be con¬ 
trolled. Its principal advantages are: 

1. Speed control of the motor is obtained by adjusting generator 
voltage by field control, which eliminatt's the use of heavy con¬ 
tactors in the armature circuit. 

2. The motor can be reversed by reversing the polarity of generator 
voltage through reversal (d the generator field current. This 
eliminates heavy armature reversing contactors. 

3. (Greater range of speed control can be obtained than with a 
straight shunt motor. The regulation at reduced speeds is far 
better than with series resistance in the armature circuit. 
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CONVENTIONAL SHUNT GENERATOR CONTROL 

4. The power handled in the control of (he pienerator field is roughly 
1 per cent of the total jiower of the drive. It is therefore easy 
to imndde a large number of control stei>s, Avhich is conducive 
to smooth control. 

f). By using generators ol special design or by exciting the generator 
field with exciters of special design, it is po.ssible to a<lapt the 
speed-torcpie characterLtics of adjustable-voltage systems to 
specific service re(i[uireinents. 

Conventional Shunt Generator Control 

Using a straight shunt generator in conjunction with a shunt motor, 
excited with constant field strength, obtains sp(‘('d-tor(iue character¬ 
istics which are straight lines. The droop betwtH'ii no-load and full¬ 
load sjieeds is projiortional to the drop in the armature circuit of the 
two machines. Thus the regulation between no load and full load 

inde])endent of no-load sj)eed and constant over tin* whol(‘ s])eed 
rang!'. As the motor fi(‘l(l stnaigth is k{‘pt constant, torque is solely 
a function of armature current. Therefore', wuthin the range ol arma¬ 
ture' voltage control, the adjustable-voltage' syste'iu is a constant 
torejue ^vste'in, anel the elelivereel he)rsepow'(‘r is j)roportional to the 
speed. 

\\'ith cemventional mae-hine's, stable ope'ratiem can be obtained for 
a speed range down te) 0.1 e)f basic inehor spe'e'd, anel a speed range 
of 10 to 1 is e'onsidere'd the wuele'.>t range e)l)tainable', unh'ss specially 
<le‘signe'd niachint's are useel. It is pe)ssible to ine'rease' this speeei 
]*ange by another 4-to-l ratio by weakening the nie)tor field, w'hile' 
ke'e’ping the' armature voltage* at its ra(e*d value. Thus a total spee'd 
contre>l range' of 40 te) 1 can be e)btaineMl. With the me)te)r field 
weakeaie'el, the system is ne) le)ng(T able te) ele've'loj) constant te)reiue, 
but it be'come’s a ce)nstant }ie)rse*pe)\ve*r syste'in. Base* spe*e*d is the' 
no-load spe'e'd with full mote)r field anel full armature voltage. Fig¬ 
ure de*scrib('s alse) the e)pe*rating range e)f this system. The speeel- 
torenK' curve's e)f Fig. 45 ap])ly te) an adjustable-voltage system in 
the* motor field wTakening range. 

Figure 47 she)W’s in an elementary manne'r the ])rincipal circuits 
e>f an aeijustable-voltagc system w’itli a shunt ge'iu'rator. The mote)r 
ge'nerate)!’ set consists e)f a elriving me)te»r, a ge'iierate)r, anel an exciter, 
if no e)ther source of el-c j>ow’er for fielel e‘xcitatie)n is available. In 
orde'r te) increase the accuracy e)f spee-el ce)ntre)l by maintaining a 
con.^tant exciter bus, the exciter may be flat comi)e)unded or it may 
be* eeiuippeel wuth a ve)ltage regulator. The el-c generator field is 
connecte'e] te) the exciter bus through an adjustable resiste)r or rheo- 
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stat, by means of which the motor shunt field current and the gen¬ 
erator voltage can be varied. On equipments with a wide speed 
range, the field rheostat may be built as a potentiometer to obtain 
better field control in the range of low generator voltages. Reversal 
of generator polarity, wliieii corresponds to reversal of the direc- 

TO A C SYSTEM 



Firj. 47 . J'nnc*u)8il connections of jidjostahlo-voltaKt' with shunt gononitor. 

tion of rotation of the d-c motor, is obtained by reversing the 
])olarity of the generator field leads, as indicated by broken lines. 

The d-e motor shunt field is connected to the exciter bus. If the 
d-c motor operat(*s with armature voltage control only, the motor 



rio. 48. Two motor generator hots for two adjustatilo-voltapo mine hoi.st drives 

field is connected to the exciter bus directly or through a fixed re¬ 
sistance. If sjieed control by motor field weakening is desired, an 
adjustable resistor or rheostat is connected in series with the motor 
field. The controller should be dcMgned so that, during starting and 
speed control by armature voltage, full field is maintained on the 
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motor in order to take advantage of the maximum starting torque 
available. 

The heavy power circuit between the armatures of d-c generator 
and d-c motor is called the loop circuit. No control devices are 
necessary in this circuit to obtain spee<i control. A circuit breaker 
or line contactor is often used in the loop circuit to obtain overload 
protection in the d-c power circuit or for reasons of control sequence 
and interlocking. Shown in Fig. 48 are two motor generator sets, 
used for adjustable-voltage control of two mine hoists. 

Neutralizing 

hen the generator shunt field i*< diseonne(‘ted from the exciter 
bus, the field current drops to zero. The generator voltage, how¬ 
ever, will not drop to zero because of the residual magneiimi in the 
generator field structure. As the re¬ 
sistance of the* generator and motor 
armature looj^ is very low, a very 
low generator voltage cause's a lu'avy 
current to flow through tlu' loop cir¬ 
cuit. This enabh's the d-c motor to 
develop a substantial torque, and it 
may creep at a very low speed. 

This can be prevent(‘d by using 
a generator field connection, which 
i*^ called neutralizing or “suicid¬ 
ing.” In Fig. 49 a double-throw 
M\itc}i is indicated in the shunt 
fic'ld circuit. With the switch blades 
down, current flows through the field in the direction of the solid 
arrow, which obtains polarity on the generator armature as indi¬ 
cated. When it is desired to stop the drive, the switch blades are 
thrown u]), thus disconnecting the field from tlie excit(‘r bus and 
connecting it to the generator armature in such a manner that the 
])olarity of the field is reversed and field current flows in the direction 
of the broken arrow. This field reversal “kills” the residual mag¬ 
netism, tliat is, it reduces the generator flux jiractically to zero, which 
in turn brings the generator voltage to zero and causes the d-c motor 
to remain at standstill. Once the re.'^idual magnetism is brought to 
zero, the flux cannot build up in the ojiposite direction, and the neu¬ 
tralizing connection may remain establislied until the motor is started 
np again by connecting the generator shunt field to the excitcT bus. 


DC generator 


4 . 



Fit.. 49. Nriitrsilizing of d-c >?(’ncr- 
iitor slmnt field. 
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To avoid heavy circulating current in the loop circuit because the 
motor pumps hack into the generator, if the generator voltage is 
forced to zero with the d-c motor still at a substantial speed, the 
generator voltage should be reduced gradually, and the neutralizing 
connection should be establislied only after the generator voltage has 
dropped to a reasonably low value. W'hen an adjustable-voltage 
equipment is placed in service, it is very essential to give the neutraliz¬ 
ing connection a careful check to see that polarities are correct. If 
tlie polarity of the maitralizing connection is reversed, the generator 
builds up voltag(‘ as a s(‘lf-(‘xciti‘d generator to a dangerously higli 
value. 

Dynamic Braking 

When an adjustabl(‘-vohage drive is d(Telerate‘d and sto])p(‘d, it 
is not necessary, or (‘ven desirabh*, to op(*n tlu‘ loop circuit b(‘twe(‘n 



Fkj. 50. Envelope of i)erfornijnu*i* ranj^e of an a(lju''tal>le-volt.ijj;e drive with 

si milt genenitor. 

motor and generator. Leaving the loop circuit established and re- 
<hieing the generator voltage by means of field control to zero obtain 
smooth retardation of the drive to standstill without the nec(‘ssity 
of providing any special braking circuit. If the generator voltage 
is lower than tlu' motor emf, the motor develops a iu‘gative torque 
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whicli can bo used to retard an overlianlinR load witli exactly the 
tsaino connections as used to drive a i)<)silivu Ioa<l. 

The toniue which an adjustuble-voltasre drive is able to deliver 
is proportional to armature current. The maximum torque of the 
drive is determined by the amount of current the d-c machines are 
able to commutate. In Fi^. oO the enveloia- is given which circum¬ 
scribes the performaiiee range of an adjustable-voltage drive with 
^hunt generator. At .standstill, ti starting tonnie is developt'd deter¬ 
mined by point A and limited by the ability to commutate. A.s 
voltage is increased and the drive accelerates, tiie nuiximum available 
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accelerating t()r(jue varies along liia* J-/>*. Point J> corr(‘sj)onds to 
a Miialha* torijue as, with increas(‘d voltage, th(' armature current 
which can be comiiiutated (Iecreas(‘s. When th(‘ voltage is raised to 
it*' rated valiu', tlie driv(‘ oj)erat(‘s at a sjieed determined by line 
B~f\ dep(‘n(ling on the amount, of driving or retarding t(U’(|U(* re- 
puin'd of the motor. AMk'ii tlie voltauc is riMluc(‘d to retard tin* drive, 
the maximum ndarding torcjue available is given by line C-1). 

h(‘n the generator field excitation is reversed, tht‘ available starting 
tor([U(‘ corresjionds to jioint D, which is given by th(‘ coinmututiiig 
limit. Aceelertiting torque* is det(‘rmined by line D-E^ and rc'tard- 
mg toniue by line F-A. For a sj)(*(‘ific elrive, the* performance limits 
<*•01 be determined fi-oiu the commutation limits of the d-c machim‘S. 
Ih)th ge’Tierator and motor must be con'<i<lc’red as eith(‘i* of the two 
oiachiiH's may be the one that determines the* commutating limit. 

lien a circuit breaker contactor is provid(*d in th(‘ loop circuit, 
da* armature of the motor may be disconnected froju the g(*nerator 
m case of overload or some oth(‘r emergency. To retard the motor 
’•‘P^dly, an emergency dynamic braking circuit may be employed 
\\liich in its simplest form is illustrated by Fig. 51. A switch ift 
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indicated in the loop circuit. With the switch blade down, the loop 
circuit is closed. With the switch blade up, the motor armature is 
disconnected from the generator and short-circuited through a dy¬ 
namic braking resistor. The motor circuit is then the same as shown 
in Fig. 22, and tlic same kind of speed-torque curves are obtained. 

Again, the commutating limit of the motor determines the minimum 
permissible amount of dynamic braking resistance, that is to say, 
th(‘ largest amount of dynamic braking torque which the motor may 
deliver at full sj)eed. As the motor decelerates, the available dynamic 
braking tonpie decrease's. When rapid deceleration is desired, the 
amount of dynamic braking rc'sistance may be reduced in steps as the 
motor speiiel is reduced. 

Control of Rate of Acceleration and Deceleration 

Rate' of acce'leration is governenl by the' i*ate at which the generator 
voltage })uil(ls up from ze're) to its rate'd value'. Likewise, rate of 
de'ce'leratie)!! is de'termineel by the rate at whicli ge‘ne'rate)r voltage 
is re*eluceel from its full value' to zero. By jirope'r design e)f ge*nerator 
field cenitrol circuits and ])re)peT seh'ctiem e)f the rate at which the 
generator field currc'nt is incre'ased e)r ele'crease'el, the rate of accelera- 
tiem and deceleration may be selee*te‘d te) suit the particular require- 
nu'nts of the driven machine'ry. Tlu're is erne liinitatiem, and that is 
tlu* faste'st rate e)f build-up anel elee*ay e>f ge*ne'rator ve)ltage which 
can be obtaineel when full fielel is sudeienly applied or reme)ved. 

Be'cause e)f inductance of the ge‘ne'rate)r field and armature structure, 
voltage builds up to its full value as an exponential function of time, 
if full-field excitation is suddenly applied. Lik(‘wise, when the field 
circuit is opened, generator voltage decays according to an exponen¬ 
tial curve. As in the case of shunt motor fields, a discharge path 
must he ])rovid(’d when the generator field is opened. 

In FMg. 52 curve A shows the speed of an adjustable-voltage drive 
plott(‘d versus time, when full generator field is suddenly applied 
or removed. Acceleration and deceleration are not at all uniform. 
Initially, the rat<‘ of change of spt'cd is high, and it varies during tlie 
time of a('celeration and decc'leration. This is v(*ry objectionable for 
certain drives, such as ('levators. It is much more desirable to have a 
uniform rate of acceleration and deceleration. 

Diagram B shows a control system wliich a('complishes tliis pur¬ 
pose. A small “damping motor” is providt'd, which is coupled to a 
flywheel to increase the itu'rtia of its armature. The damping motor 
field is excited at a constant rate from the exciter bus. The motor 
armature is connect('d in parallel with the generator shunt field. 
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When the generator shunt field circuit is closed, the damping motor 
is at standstill. Its armature resistance is low, ami a large portion 
of the generator field current is shunted thnmgh the damping motor, 
which starts and accelerates the flywheel. As the spi-ed of the damp¬ 
ing motor increases, its counter emf cun.ses the current through its 
armature to decrease, and a correspondingly increa.sed amount of 
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t'urrunt flows tlirou^^li tlio ^('norator W hen tii(‘ (laiiijiinp; motor 

n'aolio.s full speed, full current flows tlirou^li the f»:emTator shunt 
1 h‘ 1(1. Thus the danipinp; motor has the saiiK* effect as if a large 
capacitance were connected in nmltii)le with tlie generator shunt 
field. 

hen the generator shunt field circuit is opened, the flywlieel 
overhauls the damping motor and causes it to act as a generator, 
\\luch maintains voltage across the generator field terminals. As 
die flywheel loses speed, the emf of the damping motor decreases, 
'diich in turn decreases the field current. Thus, by proper selection 
oi the flywheel effect of the damping motor and proper adjustment 
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of the damping motor shunt field, the rate of acceleration and de¬ 
celeration of th(' afijust able-volt age drive can be adjusted. Curve C 
shows spc(*(i jilotted v(‘rsus time for a drive with damping motor, 
and the effect of the dam[)ing motor can lie seen by comparing curve 
with curve A. The rate of acceleration and deceleration is more 
uniform. 

Compensation of Regulation 

On many adjustable-voltage equipments, for instance for elevators, 
it is necessary to obtain it constant sp(*(‘d on each controller point, 

GENERATOR MOTOR 



Fkj. \Vst(‘in with .senes <'\eit('r 

rcgardl<’ss of the load on (he motor. Ab'ans must (hen be employed 
to comp('nsat(' for tlu' natural spei'd regulation due to the drop in the 
loo|) circuit, which is a function of tonpu' or armature current. One 
way to compensate foi’ the armature drop is to add a seri(‘s field to 
the generator, making it a flat compounded machine. As tlu' arma¬ 
ture curr(*nt incr(‘asc‘s, tlu* series iii*ld boosts the geiU‘rator voltag(* 
and reduces the amount of voltagi* change betwec'ii no load and full 
load. 

Another way to compensate regulation is to use a series exciter, 
as shown in Fig. 53. A small exciter is couph'd to the shaft of the 
gciK'rator. Its fii'ld is connected in series with tlu* looji circuit. Its 
armature is connected in series with the generator shunt field. Thus, 
as the load and the loop circuit current increase, the series exciter 
increases the voltage* across the shunt fu'ld and tlu'reby the shunt 
field current. Likewise, when the motor is overhauled and the cur¬ 
rent in the loop circuit reverses, the M*ries (*xciter reduces the gen¬ 
erator shunt field current and compenisate's for the rise in speed 
under the influence of overhauling loads. 
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The circuits described above are based on the principle that the 
(•(Hitrol reacts to armature current and uses it to compensate for 
vJ^eed regulation. Although results obtained are satisfactory for 
many applications, accurate sjiced control cannot be ol>tained, as the 
internal characteristics of d-c machines, esj)ecially their saturation, 
vary ove‘r their operating rang(‘. If i)erfect comi>ensation of regula¬ 
tion is attained at one sjieed, compensation is imperfect at other 
>peeds. Perfect maintenance of speed over the whole operating rangt‘ 
ran be obtained only if tlie control reacts to the actual s|H*ed of the 
motor and corrects for spe('<l variations throiigli closc'd cycle controls, 
(ii'>c^ls^ed later in tliis chapter. 

Three-Field Generators ^ 

On certain applications it is desired not so much to obtain close 
c(»ntrol of sp(‘ed lietwecii no load and full load but to contiol the 



Fk;. 54. AdjustMjrc' -with liirt'f'-fif ld man i:Unr. 

amount of torque the syst(*m is able to dev<‘loj>. A typical applica¬ 
tion is the (‘lectric shovi‘1. The three-field gcauTutor has a load- 
limiting charact(*ristic. In Fig. the comu'ctions of a three-field 
irenerator are indicated. As the name implies, it is ('fpiipped with 
three field windings on a common magnetic structure. A difTerential 
^(ries field is connected in series with the armatun’ in such a s(‘nse 
dial, with rising armature curn^nt, th«‘ seri(‘s field reduces the gen¬ 
erator voltage. A self-excited shunt field is connected across the 
U’ lHTator terminals. A separately excited shunt fndd is connected 
the constant exciter bus. 
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Figure 55 shows the volt-ampere characteristics which can be 
obtained with three-field generators. The curves are drawn for 
varying percentages of flux contributed by the individual field wind¬ 
ings. For a given total shunt field excitation the no-load voltage is 
the same, n'gardless of the relative amount of self-excited and sepa- 



Fkj 55. \<Msus ciirn nf rhnrMcfoiislic of ii tlirrM'-fK'ld f^(‘iiora1or for vary¬ 
ing of th(‘ tllKO fu'ltls. 
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nit(dy excited fields. By ])roper selection of the total field strength, 
the nuixinuun current which the generator can produce under stalled 
motor condition can be limited to a definite value, thus making the 
three-field generator self-protecting against overloads. 

The sliape of the volt versus ampere curve can he varied by chang¬ 
ing the relative amounts of the separately and self-excited shunt 
fields. If an almost constant current from zero voltage to maximum 
voltage is desired, a great(‘i* percentage of self-excited shunt field is 
used. Once the inherent characteristics of a generator are chosen, 
its performance can be varied by varying the amount of separately 
and self-excited shunt field current, by changing resistance in series 
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with the field windings. It is impractical to control the series field 
because high current is involved in that field eircuit. 

Since voltage corresponds to speed and armature eurrent to torque, 
the volt-ampere characteristies of the generator ean be readily tran.s- 
latod into speed-tortpie eharactcristics of the drive. In Fig. 56 the 



Fic. 56. Spced-lorquo ciinc"' of Uircc-lirld Kcnonitor sy^tdii with varying scpu- 
rafc’ly ('XcitfMl sliunt field. 

'‘pecd-torqne curves of u typical three-field generator system are 
plotted when only the str(*ngth and the direction of the separately 
excited shunt field are varied. Re{lucing the amount of field strength 
rc'duces the amount of stalled tonpie. Reversing the s<*parately 
<‘\(*ited shunt fic^ld reverses the drive. The curves are ])lotted in all 
lour quadrants of ])ossible motor operation. Stable motor perform¬ 
ance can be obtained both wdth tlic motor driving the load and with 
the motor being overhauled by the load. 

fn Fig. 57 the effect of varying the self-excited vshunt field in 
'•tnmgth and direction is shown. Reversing the self-excited shunt 
tn ld affects the no-load speed but does not reverse the drive. 
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Fkj. 57. »Sp('LMl-iui(iii(‘ ciinf.s of llin'c-ru'hl gciK'rutor system with \arying 

('xcilo<I shunt field. 


Closed Cycle Control 

Th(‘ itudliods of coni rolling:; tin* s|)c('(l-tor(|ii(‘ charactrristics of a 
motor (iisciisscd so far make use of tlio iiduTcnt charactiaistics of tho 
marhino. Aftor scliTtiii^ a motor with j^taioral charactoristirs most 
suited to a particular drive*, the desi^nin^ en^ine(‘r s(‘l(‘cts a type of 
control which obtains s|H‘ed-torc]ue curves that match, as closely as 
possible*, the* ide*al spe*e*d-te)r(pie curve's which weiuld eibtain me)st 
(‘flicie'ut perfeirmance* e)f the drive. Once a e*ontrol system has been 
laid euit, jieissibly with auxiliary reitatinp; apparatus, and certain coii- 
treil (*onn(‘e*tions have bee'u e*stablishe'd, e‘ae*h i)ortion of the overall 
system jx'rfeirms in accorelane*e with its inlie*re‘nt e-haracteristics. Fe>r 
instance, spe‘<'el variations due te) the* eirop in the* loop circuit of an 
aeljustable-veilta^e system may be reelue*e‘d by the use of a scries 
excite*!', but the*re is no assunmee that spe‘e<l, or e ven f^eaierateir veilt- 
uji:e, will be maintained accurate*ly under all load cemditions because 
the cemtrol has no means to “see’’ speH*d e>r j;e*nerator voltage and to 
regulate the system acceirelingly. 
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If it is desired to adjust and to inainta'in a certain eharactoristic 
quantity of a drive, for instance its speed, over a wide raiij^e of load 
conditions, a closed cycle controller may be used. In a clost'd cycle 
control system a quantity representing a certain output value is 
measured and compared to a standard representin^j!; the desired per¬ 
formance. Any deviation from the standard is fed back into the 
control system in such a sense that it wiU reduce tlic deviation from 
the standanl. Thus the control system functions not Jiily as a con¬ 
troller but also as a regulator. 

Adjustable-voltage systems are espc'cially suited for closed cycle 
control because the amount of energy which has to be controlled in 
tlie fields of the d-c machines is only a small fraction of the total 
output of tlie system. The d-c generator can be regaiah’d as a crude 
])owt‘r amplifier. One kw input to its field circuit controls approxi¬ 
mately 100 kw output at the machine terminal. The accuracy of the 
amplifier is limited by the inherent regulation of tin* generator and 
its response is limited by the time recjuinal to ettVet a change in 
generator voltage following a change in flu voltage apjilied to the 
generator field terminals. 

On large adjustable-voltage systems, th(‘ amount of energy re¬ 
quired to control the gcaierator field is (juite sizable. In a closed 
cycle control system the amount of em*rgy u^^ed to nuaisure the 
deviation of ])ei‘forinanci* from tlu' standard must be so small that 
the (‘iHTgy taken out of tlu* systian for control ])urpos(‘s has no 
cft\‘ct on the systian performance. As tlu^ sju'ial of la'sponsi* of the 
whole system is determined by the sum total of the time' constants 
of tlu‘ various mechanical and electrical ehaiuaits of the system, it is 
desirable to k(‘i‘j) tlu' (‘mu'gy stonal in the control (‘leinents of a 
closed cycle system as low as possible in order to obtain fast response 
to deviations from the standard of p(*rformance. 

S])(‘cial exciters are used to excute the generator fields, and con¬ 
trol of the output of a system is obtained l^y controlling the fiedd of 
tlu* e.xciter. Losing exciters of special ^h'sign, a high rate of amplifi¬ 
cation can be obtained between the incoming control signal and tiie 
nuti)ut of the exciter, which in turn determines tin* outi)ut of the 
adjustable-voltage system. 

As an example, consider a system in which it is d(‘sired to maintain 
"IH'cd accurately at any set value, regardless of load. As a standard, 
a potentiometer can be connected across a regulated constant-voltage 
d-c bus. On that potentiometer, any desired amount of voltage can 
he tapped off and fed into the field circuit of the exciter. The 
‘ xciter produces a certain voltage, which is impressed on the gen- 
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erator field, which in turn produces a certain no-load speed of the 
motor. The actual speed of the motor is then measured by a 
tachometer generator, the output voltage of which is balanced against 
the standard so that the net field Ktr(‘ngth of the exciter is deter¬ 
mined by the ditference between the standard and tiie tachometer 
voltage signal. If the actual spe(‘d of the motor (l(*viates from the 
speed corresi)onding to the standard, the change in tachometer out¬ 
put introduces a change in the excitation of tlie exciter, which re¬ 
duces the deviation of the actual speed of the system from the de¬ 
sired speed. Adjustm<*nt of the system to operate at different speeds 
is obtained by varying the standard, for instance by building the 
potentiometcT in the form of a rheostat. In a similar manner, other 
outjmt (juantities can be controlh'd. (lenerator voltage can be held 
constant by comparing tlie generator voltage directly with the stand¬ 
ard. Torque can be controlled by measuring the looj) circuit current 
by the voltage drop across some resistance in the loop circuit, and the 
drop balanced against a standard. Load division b(‘twe(‘n generators 
operating in parallel can be controll<‘d by balancing the armature 
currents of several machines against each other, to namtion a few of 
the more commonly \ised closed cycle control ap])lications. 

The total time of response of an adjustable-voltage control system 
is governed by the time lag in the response of the exciter and 
generator fields and the inertia of the drive, which must be acceler¬ 
ated and decelerated. To the time of n^sponse at a minimum, 
the time constant of the excitcT must be made as small as possible, 
introducing tlie hazard of hunting. When a closed cycle control 
system is designed, careful consideration should be given to the 
stability probhan, and means should be provided to anti-hunt the 
system. Hunting is one of the nuist involved phenomena confronting 
an engineer, and so far no simple analytical method has been de¬ 
vised to determine definitely whether or not a given system will hunt. 

It can be stated in general terms that a closed cycle control system 
can be anti-hunted by providing components in tlie control circuit 
which do not have any effect during steady state ojicration but tend 
to slow down tlie response of the system should a rapid change take 
place in the ojierating condition of the sy.stem. The most reliable 
method to solve the anti-hunt problem is to conduct tests on typical 
installations to determine the factors affecting stability, and then 
provide sufficient flexibility in the circuit design to permit ailjust- 
inent of the anti-hunt features at the installation. Typical anti-hunt 
circuits are discussi'<l in (Miapter 13. 
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Regulating Exciters 

Regulating exciters do not differ in j>rin(‘iple from conventional 
d-c exciters. To make them respond fast to changes in field excita¬ 
tion, their field structure is laminat(‘d. To obtain linear response of 
their oiitimt voltage to change's in field current, their magnetic design 
is such that, wlien used within their rating, tliey operate on the un¬ 
saturated or straight-line jiortion of tlieir magnetizing curve. AVlien 
useil in clos(‘d cycle control circuits, regulating exciters are eepiipped 
with a miiltiiilicity of fields, each responding to a particular control 
signal. The sum total of the flux set up by the various fields deter- 
iiiines the output voltage of the exciter, and thus the field current 
of the main generator. Numerous control systems hav<* been devel¬ 
oped to obtain jierformance suitable lor s])(‘cific drives. JMany of 
tluan are based on the principle of establisliing a standard which is 
used to provide a fixed excitation of one of the ex(*iter fields. Against 
this stamlard is balanced the excitation of one or niort* other control 
fields, which are excited by voltages nu'asuring the actual tn*rform- 
ance of the drive. Regulating exciters built by the Allis-Chalmers 
Manufacturing (\unpany are inark(‘ted under the name of Regulex; 
tlio^e of AVestinghouse bilectric Corporation ar(' calk'd Rototrol. 
Princi])al connections of a control systiun using a n'gulating ext’iter 
are shown in P^ig. r)<S. The shunt fiekl of the gi'iK’rator is connected 
to till' armature of th(‘ exciter. In with tli(' generator shunt 

field is connected a s(*lf-excit(’<l exciter sluint fi(‘Id so jiroportioned 
that it will sustain, but not budd up, excitc'r ainiature voltage. The 
re^t of the exciter field structure consists of thia'c sc‘parat(*ly (‘xcifc'd 
''limit fields, wound on the sana* jxiles wutli th(‘ self-excited fic'ld. The 
control field is coniu'ctc'd to the constant excitfT bus through the field 
rh(‘ostat. This field is the standard, and tiie magnitude' of its flux 
detcnniiK's the sjx'ed at whieh it is de'^ired to ojierate the' drive. The 
second field is tiie voltage-iTgulating fie'ld. It is connecte'd across 
tin* geaierator terminals, and its field curre*nt is jiropeirtional to tlie 

inunal voltage' eif the geiu'rator. The third field is (he load-regulat- 
nii: fie'ld, anel it is connecte'd acreiss the' interpeile fie'ld winding eif the 
irciH'rator. The curreuit of the le)ad-rcgulating field is imijiortionul 
to (he elrop aeross the interpoles, which means that it is proportional 
to armature eurre'iit eir load. 

The' two regulating fields are' so comieete'd tliat they oppose each 
'»ther. Thus the net exeitatiem of the regulating fields is proportiemal 

o generator voltage minus hu)p circuit drop, that is tei say, the net 

^citation of the regulating fiekls is proportional to the actual speed 
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of tfic drive. The control fu-ld and the regulating fields are so pro¬ 
portioned that, wh(‘n the drive operates at the desired speed, the 
control field and the regiilating fi<'Ids eaneel each other. 

When excitation is apiilied to the control field, the exciter voltage 
builds uj) and, correspondingly, the generator voltage builds up, 
until the regulating fields eaneel out the control field. When this 
point is reaeheil, the self-exeited field su,stains the exciter voltage, 



.58. Sjx'cti fontiol Avith rxcitor. 


and tli(‘ (lriv(' ojuTidcs at a sp(*(*d (M>m"-p()ndinj]; to tlie excitation of 
th(‘ control lic'ld. If the speed chanjies witli load clianp;es, the net 
excitation of the n’^ulatinj; fields no lon^;er canc(‘ls the control field 
excitation. As a result, thi're is a net sur|)his of excitation to raise 
or lower the exciter voltap;e until a halanct' is struck and the net 
excitation of the re^ulatinj»: fields attain caiuads the control field 
excitation. This means that the speed has been readjusted to its 
original value, and the exciter voltaj^e is aji;aiif sustained by the self- 
excited shunt field. 

Amplidyne Exciters ‘ 

The amplidyne is a n'jjjulatinj^ exciter with a hif^h rate of amplifi¬ 
cation between tlie power retpiired to excite its fields and the output 
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taken from its annatnre. In outward appearanre it does not differ 
from any conventional d-c exciter. It ))o.‘^.se.sses the same e.ssential 
elements as an ordinary small d-c generator, namely, a lield stnie- 
tmv. an armature with commutator, and a set of brushes. Shown in 
Fig. .")9 is a group of amplidyne exciter .sets, each amplidyne being 
driven by an induction motor. Peculiar eharacteristies make the 
amididyne a particularly valuable tool for use in closed cycle con¬ 
trol systems. 



Fig. 59. Group of four aiuplnlvru* (‘xcitor K^ts. 


Consider first the iiasic functions of a conviuitional d-c exciter. 
In Fii^. ()0 sketch A show.s in diagranunatic form tlie map:netic and 
tlcctric circuits of a conventional d-c generator. The excitation ol 
tli(‘ ^hunt field sets up a flux vvhicli, in comhiriation witli the energy 
tiansniitted mechanically to the armature, generat(‘s eh’ctric energy, 
rin*- (‘iiergy is taken out of the armature through a s(‘t ol })ru‘>'h(*s 
lx t\Mrn the field poles. On an average, 100 watt injiut into th(‘ shunt 
Id controls 10 kw output at the machine terminals, a ratio of 100 
to 1, 

The load current flowing through the armature sets up a flux in 
piadrature witli the shunt field flux. Armature flux or armature 
taction in conventional d-c machines is considered a detriment 
’either than an asset. In the amplidyne this armature flux is put to 
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work, as indicated in sketch B of Fig. 60. The brushes between the 
field poles are short-circuited, and current flowing through this set 
of brushes is used solely to s(‘t up an armature flux. If it is assumed 





A. ('onvciilioiml <!-<• >?<'nrr}i(or. li. AniplidyiH'. 


Fid, 60. I)iaKrainina1i(* skc'tch of inaKd<‘b<* and circuits of conventional 

(l-(* j^cncrator and ainplidyiu'. 


that 100 watts are retjuired to produce this flux, 1 w^att in tlie shunt 
field winding suffic(*s to control the armature flux. 

A second set of bruslH\s is l(K*at(*(I under the shunt field poles, and 
the load circuit, connecttal to this second s(‘t of brushes, utilizes the 


AMPLIOYNE MAIN GENERATOR 



Fid. 61. Amplification factor of an adJU'^tal>lt'-volta^o control system with amjdi- 

dyne exciter. 


energy gtmerated by the interseetion of the armature conductors 
with the armature flux. A compensating winding is arranged on the 
fiehl poles and coniUTtt'd in stado with the load current. This com- 
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jK‘nsatiiig winding suppresses armature reaction due to the load cur¬ 
rent so that the amplidync output voltage is proportional to its net 
field excitation and not afTectcd by armature reaction due to load 
current. 

One watt input into the shunt field controls 100 watts in the 
armature circuit, setting uj) tlie armatiire flux because of the short- 
circuited brushes. These 100 watts in turn can be used to control 
10 kw in the load circuit. The amplidync is in fact a two-stage 
amplifier in whieh 1 watt input into 
the field controls 10 kw output at the 
niacliine terminals. Thus the ampli¬ 
fication factor is 10,000 to 1. If a 
10-kw amplidync is used to control u 
1000-kw generator, an overall ainj)li- 
tication factor of 1,000,0(X) to 1 is 
olitained for an adjustable-voHage 
control system. This amplification 
1 ^ illustrated by Fig. 01. 

Th(' (‘xtrcinely small amount of en¬ 
ergy ret]uired to excite tlu* shunt field 
p(‘rmits tlie shunt field flux to build 
up rapidly. As the resistance and 
Kactanee of the short-circuited ar¬ 
mature* is very small, armature flux 
hiiilds up rapidly and ])ractica]ly in 
pliaso witli the shunt field flux. The 
to build up its rated output voltage from zcm’o is ))ut a small fraction 
nf a second, usually bctw(*<‘n and second. The* oscillogram 
m Fig. shows the voltage* build-uj) for a ty])ie*al aniplielyne from 
tlie instant a veiltage signal is apj>lie*d to itv fie‘ld. The* time* iTejuired 
lor r('ae*liing rated voltage* from zc'io is be*t\ve*e*n 3 and \ cycles of a 
i.O-cycle timing wave. 

Hie le)w level of ene*rgy recjuired feir the e*xcitatie)n of amplidynes 
JX’rmits arranging a multiplicity e>f fie*kls on the ])oU*s, anel each 
lu hi may receive an inelependent contreil iiii|)uls(‘. Thus an anifili- 
'Imu* may be made to resjiemd to a number eif epiantitie's in closed 
< ^ clf* ce)ntre)l systems. Speeds of respemse and accuraci(*s of eeintreil 
ud regulation hitlierto impeissible with coiiventieinal excite‘rs may 
attained. Be‘cause ejf the impeirtane'e* whie*h the* aniplielyne has 
fnu‘ei for industrial cemtreil applie*atie)ns, amplidync control circuits 
di.vcu.ssed in detail in Chapter 13. 


T 

A 

1^ 

1 

1 

n 1 
1 1 ! 






T 

B 

r 

Q ' 

1 

1 ^ 

■"1 

} 'Ll 

! 


I 

1 ^ 

1 1 

i 

1 

i 

1 

1 

j 


Fi(. 62. Ovrillognini showing r»‘- 
sjjonsc of !m»i»lnlvTu* to control 
^ol1;^g(' fransH'iit. Trace* A: (Vm- 
iToI field curn'iit Trace H: Sliort- 
circuitc'd a\i‘- (urreiil Trace C: 
OufpiP \()llage Nnti. Vertieal 
liiie.s d(’sigiiat(' h*o M'cond time in¬ 
ter \ uls. 

time* re*(uiire*d by an amplidync 
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(CHAPTER 3 


PRINCIPLES OF ALTERNATING-CURRENT MOTOR 
OPERATION 

Tlu‘ oiKTation of a-o motors is l)aso(l on tiu’ same (iynamo-okTtrir 
principles that were discussed in connection with d-c motors. T(' 
(l(‘veloj> torque, there must he interaction of Ilux and curnmt. To 
([(‘veloj) speed, there must he an electromotive force inlc'ractinp; witii 
flux. 

The most widely used a-c types (d motors in industry are ]>o]y])hase 
induction motors and synchronous njotors. Their characteristics are 
<liscuss(‘d in detail in this chajder. B<‘ca\ise sin^l(‘-j)hase mt>tors and 
a-c commutator tyj^e motors, althoujih of ^nait importanc(' u>r appli¬ 
ance's and for transjiortation work, are not In'epiently use'd in indus¬ 
trial iii)i)lications at the prese'nt time, they art' not tri'atc'd in tiiis 
hook. 


INDUCTION MOTORS 

An induction motor consihts of a stationary frame' or stator whicli 
contains the jirimary winding, the eie'Mgn of which is determined hy 
tlie numher of ])hase's and the numher eif ])ole*s. d'lie rotating me'inhe'r 
or rotor contains the secemelary wineling. The rotor winding may 
consist of bars short-circuited hy rings at tiie e*nd. A motor of that 
tyjie* is calleel a squirrel cage moteir he'e'ause of the' re'se'inhlane'c eif 
the reiteir wineling to a squirrel cage. A sepiirrel cage* wineling is sliort- 
• ircuiteel in itself, and no external conne'ctieins may he' made* te> it. 
t h’ the rotor winding may be a elistribute'd peilyjiliase winding, the 
pliases of which are terminate'd at slip rings. Such a ineitor is called 
a we)und rotor moteir, and hy means of e'xternal ce)nne‘e‘ti{)ns to the 
'‘lip rings the electric characteristics of the' se'condary roteir circuit 
may he varied, thus affecting the performance of the meitor. Shown 
Fig. 63A is a general-purpose squirrel cage meiteir. I'igure' 03/i 
a view of a wound rotor motor. 

An induction nmtor, when its stator is cemnected te) the polyiihasc 
-me', and the rotor is at kandstill, acts as a transformer, (hirrent 
'I'lws through the primary eir stator winding, the magnitude and phase 
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angle of which arc determined by the impedance of the motor. That 
component of current which lags line voltage by 90 degrees deter¬ 
mines the flux set up in the stator, and it is called the magnetizing 
current. It is substantially independent of load on the motor. 



A, Squirrel caj^e motor. 



In a polyphase motor the flux produced by each phase current 
reaches its pcuik in the same sequence as ,the phases of the applied 
line voltage. Tlu‘ total flux produced by the various phase's acting in 
combination rotates in space in a direction determined by the phase 
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iicquencc of the applied line voltage. The speed at which the flux 
rotates in space is equal to 360 electrical degries j)er cycle, or an 
angle of 360 degrees divided by the number of pairs of poles of the 
primary winding. It can be expressed in revolutions ])er minute as 
follows: 

„ . . 60 X fre(iuencv 

hi)eed of nux rotation in rpin = - -- — (35) # 

pairs of poles 

This rotating flux cuts the conductors of llie rotor, and at standstill 
it generates a secondary voltage, the magnitude of which is deter¬ 
mined by tiie turn ratio between stator and rotor. Tlu* generated 
rotor voltage causes current to circulate in the rotor winding, the 
magnitude and jihasc angle of which are determined by the imiiedance 
of the rotor circuit. That component of currcmt in pliase with the 
rotor voltage and tlie flux interacts with tlu‘ flux and di‘V(*lops a 
tonjue which causes the rotor to turn in the same direction Hint the 
flux rotates. 

S])(‘ed in r})m at which the flux rotates in si)ace is the synchnmous 
s})(‘ed, which is bas(‘ sp(‘(‘d or unity. The dillererua* b(‘tw(-‘u syn¬ 
chronous speed and actual s]H‘ed of the motor is called slij), usually 
expressed in jut unit of synchronous speed. 

S = I - H (36) ■ 

wliere = motor spe(*d in p(‘r unit, 
a = slij) in per unit. 

(\)nsid('ring that synchronous sp(‘ed is j>roportional to line fre- 
(iuency, slip can lx* expressed in eyeless per se^cond as follows: 

,s(cycles) = line freepuaicy X (37) • 

Tliis is the frequency with which the rotor conductors cut the 
rotating flux; hence it is the fre(|uency of th(‘ voltage induced in the 
rotor conductors. At standstill, slij) is unity. When the rotor turns 
in the direction of flux rotation, which corresponds to normal motor 
ojicration, slip is less than unity. If the rotor is driven by an external 
force against flux rotation, slip is greater than unity. If the rotor 
is driven by an external force in the direction of flux rotation, but at a 
^peed above synchronous, slip is negative. 

Wdien an induction motor is started from standstill and its speed 
increases, tlie slip decreases. Likewise frequency and magnitude of 
the rotor voltage decrease. If it were possible to build a motor with¬ 
out any losses, it would accelerate to synchronous speed. However, 
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the curves resemble each other in their general shape, there is a 
marked difference between them, especially with regard to starting 
torque, 

(yurves 1 apply to a standard normal torque motor. Its rotor 
consists of a single cage of co])per or cast aluminum. Rotor re¬ 
sistance is low, and thus slip and losses are low. The location of the 
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(M. 'I’wn niclluxls (if rcj)n n-v indiiflloii iiK^tor cluiracU’ri,sties. 


rotor winding close to the air gap results in a low rotor reactance, 
wliich accounts for high maximum tonjui'. Starting tonpie is low; 
it may be h‘ss than unity for large motors. 

For applications recjuiring higher starting tonim*, a high tonjue 
motor can lx* used whicli lias two sciuirrel cag(‘ windings in the rotor. 
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motors. 1: Normal .starliiijj; tonpu' motor. C'urvcs 2; High starting 

tonpir motor. C'lirM'^ 3: High .sh]^ motor. 

One winding, imhediUxl deeply in the rotor, luis low resistance and 
high reactance. A second winding, located close to the air gap, has 
high resistance and low naictanee. The combined etTeet of the twH) 
rotor windings produces curves 2 in Fig. (i.'). Slip is slightly higher, 
maximum toripic and starting current sonuwvhat lower than for type 
1 motors. Starting tor(|U(\ howawer, is considerably increased. 
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For heavy intermittent-duty drives, n‘quiring; frequent accelera¬ 
tion, it is desirable to have available motors witli hip;luT maximum 
tonjuc than the previously described types. Likewise, when a motor 
drives a high inertia load, its slip should be high, to take advantage 
of the flywheel effect for reducing torciue and line current peaks. 
The high sli]) type of motor satisfies these requirements. Its rotor has 
a squirrel cage winding similar to type 1, but its bars are designed 
so that the rotor resistance is increased several times. Curves 3 
of Fig. 05 aj)ply to this tyj>e of motor. Its slij) and also running 
losses are higher than for the other types. Its starting current is 
a little lower than for types 1 and 2. Starting toniue and maximum 
tonpie are considerably higher. 

Altlumgh the curves of Fig. 05 are typical and bring out the salient 
features of different tyja’s of sfiuirrel cagt‘ motors, it should be real- 
iz<‘d that specific values of maximum toniius starting torque, and 
starting current vary with the spi'cd and franu' sizt‘ of ditfereiit mo¬ 
tors. Actual design data slaaild Ik* procured wlani controllers are 
laid out, especially for large' motors. 

Pole-Changing Motors 

Sejuirrel cage induction uujtors are* basically constant-s])eed motors, 
and their spc'ed is dete'rmined by line fr(‘(iu(*ncy and the number of 
]>oles of the stator winding. Specially <lcsign(*d state>r windings can 
he coniK'cted for difh'n'nt numlx'rs of j)olt‘s. Multi-spi'ed motors can 
operate at several different spi't'ds. Spc'ed control is j)()ssil)le in deti- 
nit(' steps, the number and splicing of stc])s being determined by the 
design of the stator winding. At each speed st('[), the motor will 
operate as a constant-sjiei'd motor. 

Two types of stator windings are in usi' for multi-si)eed motors. 
Single consecpient })ole windings can be n'connectcd to i)l)tain two 
ditferent numbers of j)()les. With this ty])(‘ of winding the choice of 
numbers of poles is restricted to a 2-to-l ratio. For instance, a con- 
seipient pole winding may be wound for 4 and 8 poles, G and 12 
]K)les, 8 and 16 poles, etc. If different ratios of spe(*ds are desired, 
two separate superirnjiosed windings can be arranged in the stator 
slots, one winding only being connected to the line at any time. The 
two windings are designed for difi’erent numbers of ])oles, jiermitting 
the choice of speed ratios different from 2 to 1. 

Either one or both of the superimposed Avindings may be conse¬ 
quent pole windings; thus motors may o]H*rate at three or four 
different speeds. It is necessary that the sjx'eds obtaim'd with the 
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consequent pole windings have a 2-to-l ratio. In Fig. 66 the stator 
connections for commonly used combinations of multi-speed three- 
phase motors are shown. 

According to tlie torqiK' develope<l at the various speeds, multi- 
By>(‘ed motors are divided into three cat(‘gories. Constant horsc- 



Fuj. 00. Coiiiinoiily um d ,s(ati>r coniu'ct ions for mviUi-^ix'vd biiuirri'l cap' Jiiduc- 

liuii motors. 


})ower motors an' able to develop the '^ame horsepower at all speeds. 
Thus the torque on the various speed points varies inversely with 
the speed, ('oustant torcpie motors develop the same torque on 
all s]>eed points. Hence the horsi'power rating on various speed 
points vanes proportional to speed. Variable toniue motors de¬ 
velop a tonpie on each sjuu'd point which is proportional to speed, 
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and the horsepower rating for various speed points is })roportional 
to the square of the speed. 

In Fig. 67 speed-torque curves are plotted for typical two-speed 
motors with a 2-to-l speed ratio, for constant horsej)owcT, constant 
tonpie, and variable torcpie design. hen the motor is switched 
from the high-speed to the low-speed winding, the low-speed winding 
develops a considerable amount of retarding tongue, which, in con¬ 
stant horsei)ower motors, may greatly extaanl the maximum tonpie 
developed by the high-speed winding. This retarding torque is ac- 



Fki. 07. T\’pi('al si)('('(l-t()rqu( cnnrs of 2~t<)-l Mpiiin'l in- 

<iuc1ioii juotoi". 

conipanied by high curn'iit*^. In ord(T to avoid dangerous stres^c's on 
tlic driven machinery, it may be lu'cesvary to insert bulU^r ri‘sistanc(' 
in the low-spe(‘d winding during the jxTiod of d(‘c(‘leration from liigli 
to lf)w spc'cd. Th(' rt'diictaui in retarding torcpie o[)tanu‘d with a 
given amount of bufl(T re'^istancc* (h‘pen(U on tin' d(‘Hgn data of the 
sjxrific motor. Tii(‘ motor desigiKU’ should bc‘ a^ked for his n'coin- 
mendations for a given motor aiqilication. 

Reduced Voltage Starting 

The current drawn from tin* line during full A’oltage starting of a 
^(piirrel cag(‘ induction motor may haA’t* undesirable eftects on th(‘ 
pow(T sy'^tem. Tlu* re'^ultant drop in the powtT liiu* voltage* may 
cause ligiit flickers, and \\h(*n motors above a certain size* (dc’pend- 
ing on the size of the power system) are 'started it may be n(‘(‘essary 
to r(‘duce the starting current to an acceptable value by reducing 
artificially the voltage ap])li(‘d to the motor tiTminals below full 
line voltage. Power company rules govern the largest-size motor 
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for which full voltaic starting is permissible on a given power 
system. 

A change in voltage ajjplied to the stator terminals results in a 
change of flux, proi)()rtiomjl to primary voltage. Likewise, stator 
and rotor curre^nt vary proportional to apj>lied stator voltage. Since 
motor torque is proportional to the product of flux arid rotor current, 
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tonpie is pi'o|)ortional t<» tht' scpiaro of applied stator voltage'. '^Fhe 
application of reiluct'd voltage' to the stator terminals reduces both 
fhe starting currc'iit and the starting tonpu'. 

In Fig. ()S thrt'e commonly usi'<l nu'thods of reduced voltage start¬ 
ing Jin' illustrated, and resultiint spi'cil-tonpK' curves are jilotted for a 
typical motor. 

Uso of jin auto-transformer is the most expensive but also the 
most efiicu'ut nu'tliod of reducing the starting ('urrent. louring the 
whole starting cycle, (he ti'rininal voltagi' at tlu' motor is reduced in 
proportion to the turn r;dio of the transformer. Xc'gU'cting drop 
in the transformer, the terminal voltage stays constant. Starting 
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torque and maximum torque are tlius reduced proportional to the 
sfiufire of the turn ratio of the auto-transforiner. The motor 
starting current, measured in tlie motor stator winding, is reduced 
proportional to tlie turn ratio of the auto-transformer. TluTefore, 
the starting current, nu'asured in the powca* line, is reduced pro- 
portional to the scpiare (d‘ the auto-transformer turn ratio. 

\A'idely used for reducing starting curnait is th(‘ primary starting 
resistor. The r(‘sistance drop reduces tlie motor terminal voltage. 
To determine the motor voltage at standstill, it is nei'essary to know 
its standstill or locked rotor current and ]iower factor. The droj) 
through the resistor must lx* subtracted from liiu* voltage vectorially 
in order to determine the voltage at tlie motor termimils. The start¬ 
ing tonpie is proportional to the stjuare of the ratio between motor 
standstill voltage and line voltage. Starting current is din*ctly jiro- 
portional to the ratio betwec'u motor slandstill voltagi* ami line 
voltage. Kxjiressed in terms of line current, jirimary starting re- 
sistanc(' obtains less nxluction in starting current than the auto- 
transformer, for a given nxiuction in starting toi'tjiu'. W lule tin' 
motor starts and its speed increase's, tlu' staior (*urrent dt'cri a.^es, and 
with it the drop through the starting resistor. Therefore', the motor 
terminal voltage' rise's, and maximum tor<jue of the nmtor is highi'r 
than in the' autei-transforme'r starting methexl. 

A starting re'actor obtains results similar to a starting re'sistor. 
At standstill, the droj) through the re'actor re'eluce's the' moteir stand¬ 
still voltage, tlu' amount of which is dete'rmine'd l)y subtracting the 
droj) through the reactor V('e*torially Jrom line voltage'. As the 
starting jieiwe'r factor of most me)tors is ejuite* leiw, fewer eihms are 
re'ejuire'd in a starting re'actor than in a starting re'sistor te) e)btain a 
give'll standstill motor voltage. The’ starting torejue’ is jiroportional 
to the sejuare, and the' starting curre'ut i> dire'ctly jirojxirtieinal to the 
ratio betwee'n moteir te'rminal voltage and line voltage*. As the 
motor accele'rates, its curre'iit elt'crease's and its ])ower facteir in¬ 
creases. Thus the drop across the re*ae'tor swings exit eif phase* with 
the dreip ae'reiss the motor. The motor te'rminal voltage rise's abeive 
the* value obtaiiu'd with a starting re'sistor, and the maximum torejue 
of the moteir is gre'atly incre'ase'el the*re‘by. 

Another metlK>d of re'ducing the starting currc’nt is the use of 
wye-de'lta switching of the stateir winding. Both ends eif the phases 
of the stator winding are breiught out to te'rminals. First the wind¬ 
ing is c(^hnecte*el in wye, and the'n in delta, eejuivalent to reducing 
the motor terminal voltage at standstill in the ratio of to 1. 
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\yy(>-.(l(*lta startinfii; is uscci \vi(i(*ly in Eunjpe but has not become 
common practice in tiie rnitcnl States. 

Speed Variation by Frequency Converter 

As the s[)ee(l of an induction motor is flctormined by the number of 
poles of th(‘ stator windinj^ and th(‘ frecpiency applied to the stator, 
the s])eed of an induction motor can be vari(‘d by changing the fre- 
(|iicncy applied to the stator. Synchronous speed of the motor is 
directly |)roportional to the applied freciiK'ncy. 

The highest sp(M‘d at which induction motors can run on a com¬ 
mercial t)0-cycle povv(T syst<‘m is approximatc^ly 3000 rjun for two- 
pole motors. Wlien higiier motor speeds ar(‘ recpiired, for instance 
for W() 0 (hNorking mMcliiiH' to(ds and for aircraft model testing, a 
s(‘paratc* adjustabl(‘-ti(‘(jm*ney |)ow(t source can be ))r()vided for the 
indiietioii motors. On other applications, such run-out tables in 
ste(‘l mills, s(|uirr(‘l eagi' induction motors are advantageous because 
of their simple m(‘ehanical eonstnadion. In such eases an adjustable- 
fre(]uencv i)ow(‘r supply has bien used to f(‘ed a group of motors 
and to adjust th(‘ sj)eed of the group by adjusting the frecjuency. 

Magnetizing curn'ut and flux of an induction motor is j)roportional 
to primary voltage and invei*s(‘ly proportional to frecpiency. Hence, 
when an adjustahh'-frecjiuaicy control ^yst(‘m is laid out, voltage must 
vary j)ro[)()rti<jnal to fnMjueney so that the* factor, voltage per cycle, 
is constant. This tactor, volts per eyel(‘, is a (‘haracteristic* of the 
induction motor, whicli given in the nameplate rating of high-speed 
scjuirnd eag(’ motors. Th(‘ range of fre(|uency over which a given 
motor may be operated is limited by (he ineehani(*al strength of the 
rotor, tlu* ability to dissipate losses at high speed, and lubrication and 
life of the bearings. Wlnai o[H‘rated at constant volts per cycle, the 
motor ()])ei’at(\s substantially as a constant tonjiie machine, and its 
maximum tonpK* does not vary greatly ovi'r its spei‘d range. How- 
(‘V(‘r, lu'eause (d' the high standstill reactanei' at high frequency, the 
starting toniue drops to a very low value as the frequency in- 
ereas(‘s. Motors operated on an adjustabli'-freipiency sui)]>ly should 
be started at low fre(|uency and aceelerati'd by raising the frequency. 

A sim})le means of obtaining an adjustabh'-frequency supply is a 
freiiueney converter. In Fig, i\\) the principal circuits are indicated. 
A frequency converter is built like a wound rotor induction motor, 
l^^ither the stator or the slip rings are eonnect(*d to a constant fre¬ 
quency source. lather tlu‘ stator or the rotor winding may be the 
primary winding. The secoiulary winding is connected to the load. 
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The converter is driven by an adjustable-speed motor, such as a 
shunt wound d-c motor or an adjustable-voltage drive. 

At standstill primary frequency is ecpuil to secondary frocpiency, 
an(l the converter acts as a transformer. When the converter is 
driven in the direction of its rotating flux, the secondary fre(piency 
is reduced, and at synchronous speed it becomes zero. If the eon- 
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motor's. 

v(Tl(‘r is drivrn tlu* dircciioii of flux I’otation, t}i(‘ st'coiidary 

fmitioocy iiicri'asi's. At syncliroiioiis s}H‘t‘(l in this direction, sec¬ 
ondary frecjueney lu'ctnnes t\vie(‘ jiriinaiy fretiiKniey; at twice syn- 
eltronons sjiced, secondary frequency })ecoin(‘s tliret' times jirimary 
frequency, and so fortli. As long as tlu* jiriniary injiiit voltage stays 
constant, the volts per cych's on the adjustahle-frefiinaicy bus stay 
constant. If it is desired to vary the volts pvr cycles on the 
adjustable-frequency bus, for instance on tc'sting equiiinient used 
with motors varying widely in size, th(‘ input voltage to the con¬ 
verter is varied. This can be acconiplish(‘d bv feeding the primary of 
the converter from an altcTuator, or by int(*rj)osing an adjustable- 
ratio transformer or booster alternator betwi'cn a (‘onstant voltage 
line and tlu‘ converter jirimary. Volts jier cycles on the output side 





100 


PRINCIPLES UK ALTERXATINCi-C^TTRRENT MOTORS 


of th(' converter vary directly in proportion* to the input voltage 
applied to the primary. ^ 

('ontrol of speed of the induction motors is thus realized by speed 
control of tin* fre(|uency converter. Any kind of adjustable-speed 
motor control can be u^(‘d, depending upon tlie type of converter 
driving motor selected. To avoid burning and pitting of tlie con¬ 
vert (t slip rings, it is g(KKl ])ractic(‘ to arrang^‘ tin* control so that 
the conv(*rlcr is never permitted to operate' at standstill but will 
always turn at some' very low sjx'cd. 

Reversing 

It has ))een stated before* that the* elire*e*tie)n e)f mechanical re)ta- 
tion e)f an induction inedor i< eletermineel by the* elirectiem of rotation 
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TWO PHASE MOTORS 

7(1 Metluid." (»f ie\ crying polyplia^' iihliictinii nioloi-s. 

of its flux in space. In a j>e)lyphase motor, the elirection of flux 
rotatieni is eleterniim*el by the* seepu'nce of the* phases of the line 
voltage ajTplied to the inoteir stator. The se*(iu('nce of phases can 
be reverseel by inte'rchanging two lim*s le) the me)tor statea*. Hence 
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polyphase indiietion motors can be reversed by interchanging two 
of the stator connections. 

Figure 70 illustrates inetliocls of r(*versing for both three-pluise and 
two-phase induction motors. 

Regenerative Braking and Plugging 

>0 far, scpiirrel cage motor operation has been considered under 
operating conditions where the motor dii\(‘s a iiositive load. How¬ 
ever, the motor may be driven by the load, and then the motor 



Fk;. 71. Typical plu^j»ni;r .ind U'jit nciali\< Iti.ikinjr pta’lDniianct cunos of a 
s(jiini(l indiiclion motor. 

d(‘velops a braking torfpK', ojipovmg tlu' load torcpie, in a similar 
manner as lia^ jireviously b(‘en diseu^setl in connection witli d-c 
motors. 

If a squiri’cl cage* motor is driven by a load in the* same direction 
Jis the rotation of its tlux, its sjieed rises above synchronous. The 
motor acts as an induction geneiator, taking magnetizing current 
from the line and feeding ])ower back into the* line. Its slij) becomes 
negative*, arul its speed-toniue curve is similar to the motoring curve, 
t‘xcept that it is located in the* dynamic braking quadrants 2 or 4. 
Typical speed-torepie curv(‘s are plott(‘d in Fig. 71. Maximum 
torepie is somewhat higher than for motoring o])eration, wliicli is due 
to the influence of stator resistance*. The increase in maximum 
teirepie may vary from a small pe^rcentage* for large leiw-resistance 
meiteirs to as high as 50 per cent for small high-re*^istance nieitors. 
The moteir restrains the loael with little rise in spe*ed above syn- 
cliremoirs, as long as load teirejue eleu's not exce*ed maximum teirejuc 
of the ineitor. If maximum torepie is exceeded, the me)te)r will be¬ 
come unstable and run away. As the meitor draws its excitation 
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from the line, no dynaniie braking action is {)ossible when the con¬ 
nection b<‘tvv(‘en the motor stator and the a-c power line is inter¬ 
rupted. 

A scjuirr(‘l eap;e motor may be retanl(‘d fpiickly by plupjging. This 
means that whiU‘ the motor is running at full sj^eed in one direction, 
its stator connect ions are reversed. Thus the motor actually runs 
in a direction opf)osite to tin* rotation of its flux and the sli]) is greater 
tlian unity. Sp(‘ed-torque curves for plugging are also included in 
Fig. 71. Plugging tor(|u<‘ available at full s[)eed is slightly higher than 
one half of starting tonjue, th(‘ (‘xact amount depending on the 
resistanc(‘ of ihe rotor winding. Th(‘ higher the resistance, the 
higher is the ratio of plugging torf|U(‘ to starting toniue. Plugging 
can be used advantag(‘ously to bring a motor, driving an inertia 
load, to a (]uick stop, th(' plugging torcpie op])os(‘s the overhauling 
inertia torfjue of the load. Plugging is not suitable for restraining a 
load under the influence (»f gravity, sucli as a load on a crane hook, 
becau.'-e plugging tonpa* decreMS(‘s with increasing speed. 

During plugging optTation, motor curr(‘nt is slightly higher than 
starting curn*nt. The energy transniittt'd from the load to tlic 
motor is not fed back into flu* line but is (li^si])at(‘(l within the motor 
as lossc's. W'hen applying a s(piirrel cage motoi* to a drive which is 
plugg(‘(l freciuently, can* must be takcai to seh'ct a motor having sufTi- 
ci(‘nt tlu'rmal capacity to ilissijiate the losses occurring during plug¬ 
ging operation. 

D-C Dynamic Braking 

If tlu’ stator of an induction motor is excited with direct current, a 
d-c flux is up in the motor, which is .‘stationary in s})aee. When 
the motor is driven by a load, the rotor conductors intersect the d-c 
flux. An emf is gcaieratt'd in tlu* rotor eondnetors, (‘aiising current to 
flow in Ihe rotor, d'his current, in conjunction with the d-c flux, 
develops torepie which is opposed to the tonpie driving the motor. 

Kith(‘r two phase's e)f the' stator are' ee)nne‘(*t('el to the d-c source, 
llie* tlurd }>hase being ielle'. This is ealle'd the' tw'e)-leael conne^ctiem. 
Or tw'o j)hase's are paralleleel anel ee»nnee*te'el te) one pole of tlic d-c 
source, the thirel phase being ce)niu'cte'd to the otlu'r pole. This is 
called the thre'c-leael eoniie'ctieui. In Fig. 72 the two nu'the)els are 
inelicate'd, te)gether with a tyi)ical set of braking sj)('ed-t()r(]ue curves 
fe)r various anunints of d-e stator current. The torcpie that can be 
obtaineel with a given aine)unt of el-c excitatie)ii varies wdth the spe¬ 
cific design e>f the medea\ its number of poles, and its rotor im- 
pedanc('. For specitie applications, braking data must be obtained 
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from the motor designer. However, Fig. 72 is indicative of the 
shajic of the braking curves to be expected. 

Braking torque varies with tiie amount of d-c excitation. Higher 
average braking torque over the speed rruige can be obtained than 
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O — — t'JcsjrorO'J-^ »0»0 



Fkj. 72. D-c dynamic braking? curves of iyiHcal Mjiiirrcl ca^c imluclion motor. 
(’m\(' A: J)-c current 1.153 of a-c full load cunt'nl. (’ur\»' />': D-c (Mirrent 2.(>(> 
of a-c full load ciiriT'nt. ('ur\o D-c current 100 of a-c lull loatl curnait. All 
cur\( s drawn for twf>-l<a<l connection. 


with j)luftpn^. Tlius the d-c dynanne hrakiiij; coniK^ctioii is siiittii)l(‘ 
for applications where it is d(‘sir(‘d to d<‘celerate a load rapidly. 
When the motor has i)een brought to a stop, the tortnie l)(‘(*onH‘s zito, 
and the motor will not start in tin* ojiposite direction of rotation, 
as may happen when deceleration is by i)lu‘»j»in^. 

Effect of Unbalance of Stator Voltage ” 

Any imbalanced polyplue^i* system can lu' resolvt'd into balanced 
polyphase systems of jiositive, negative*, and z(*ro s(*(]n(‘nee by using 
symni(‘trieal eomponents. The theory of this medhod of seilving 
polyjihase probh‘ms is not diseus^ed hc're in dt‘(ail. The reader 
should refer to a standard textbook for a treatment of this tlieory. 

W hen applying an unsymmetrieal ])oiyj)hase voltage* to the stator 
of an induction motor, zero s(*(|U(‘nee voltage can be* iK'gleeted, as 
it does not develoj) tonjue and has no (‘fTeet on the speed-torque 
curve. Zero seciuenee current, whieh may flow only in a delta- 
connected stator winding, but not in a wy(*-eonneet(*(] winding, may 
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incrcfise tlio motor losses, hut that effect can be ne^U'ctecl as it is 
of no inter(‘st to the control engineer. 

The effect of positive and m^j^ative se(ju(‘nce voltaj^es on tlic speed- 
torfiiKj curves of an inducti(»/i motor can be obtained as follows: 

If the spee(i-tor(iue curve of 
the motor is known for rated 
symmetrical stator voltage and 
if positive and negative so- 
fjuenc(‘ V()l(aj;e.s ar(‘ known in 
per unit of rated motor V()ltap;e, 
th(‘ torepu' d(‘vel()ped by i‘ith(*r 
th(‘ positive* or the lU'^rative se- 
(juence* voltaae* component at 
any sp(‘(‘(l (‘fjual to normal 
motor tor(jU(* multiplied by the 
s(pjare of the ratio of positive* 
or neaative s(‘(pienc(‘ voltai’e* to 
neu’mnl voltap.('. Positive se- 
epu'nce* torepn* can thus be plot- 
t(‘d as torepie* for one* diri‘(‘tion 
of rotation, and ne'uative* se*- 
(pi(*nc(* torepK* can be* plotti‘d 
for e)p))e)site dir(‘ction of rota¬ 
tion. N(*t torepie* of the motor 
is the* eliHVre'nce* l)e'twe*e'n posi¬ 
tive* se'epience* torepie* anel ne'aa- 
tive* scepie'iie'e* te)rep]e*. 

In Fip;. 7‘A spee*d-forepie curve's are ])lotted for a ty])ical sepiii’re*! 
ca^e* me)te)r tor a hype)the*tie*al unsymme‘trie*al line* veiltaae* cemsisting 
e)i O.S positive se’epie*ne*e‘ vedtaj^e* and O.o lu'^ative* ^e*epie*ne*e veilta^e*. 
Curve .1 is the* ha^ic curve for rate*<I ‘-ymuu'trie*al voltaue applied 
te) the* st»ate)r. Curve* /> is the charae*te'ri^tie* e*e)rre*^j)e)nelinii: tei O.S 
I)e)sitive* se*epie*ne*e ve)ltaij:e* applie*el te) the* state)r. At any '^pe'ed pe)int, 
the teirepu* e)f curve* li is ().()4 time*s the teirepie* of (*urve A. (hirve C 
is the e*harae*teristic ce)rre*sponeIin^ te) O.o ne-^ative* st'(pu*nce ve)ltap:e 
applieal te) the* stator, ple)tti'el fe)r phase rejtatiejii opposite* te) e’urve* B. 
For any spee*d peiint, the torepie e)f curve* C is 0.2r> times the torepie of 
curve A, if e*urve* A we'i-i* plotteel fe)r pha^* re)tation e)pposite' te) that 
stu)wn. Curve 1) is the re*sultant s])e*e*d-te)repie e*urve e)f the meiteer, 
whie*h is the elifferene*e bi'twe'e'n curve's B anel C. 

A slight unbalancing e)f the applie*d ^tate)r ^’e>lta^ze'. such as may 
occur e)n commere'ial systems supplying be>th me)tor ami li^htinc; 



7a. FtT<‘cl of enihalanc< <I piiiii.iiy 
Noltajii’ on si»ce'(l-1or(pi(* curNc of polv- 
ph.'iso s(pinr('l ca^e* indnetKm in(»for. 
('nrve* A: WPli svmincliic »1 normal vedt- 
ii^c applied ('m\e /{• OS povihve si>-. 
(picncc xolla^f* applied, (’ni'e T* 0 5 
ne^ah\ e sepnenci* \ ollatre applie<l (’m \ e 
/>; Hi'suhiinl <*mae for unl).daiie< d \olt- 
aije api)lied. 
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loads, has very little effect on motor performance. As long as posi¬ 
tive seciuence voltage is nearly unity and negative se(iuence voltage 
aiiionnts only to a small fraction, the t'ffect t>n motor performance 
i^ lU'gligible. (Control systems have been used in which artificial 
rirciiits are set up to unbalance the stator voltage, in order to obtain 
(•(‘itain perfoi-mance characteristics. Since both jiositive and nega- 
tne sequence voltages introduce* losses in the motor windings, whereas 
tli(‘ net ton pie is the* difterence betAvet‘n jiositive and negative tonpie, 
motor efficiency is n'duced. Kxpn*ssed differently, for a given amount 
()1 reepiired motor lonpie, los'^(‘s and heating of the motor windings 
are incn'ased. Control systems bas(‘d on unbalancing of stator 
voltage sliould thus be* used with caution. 

Single Phasing 

A sjiecial case* of unbalancing the stator voltage of a ihr(*e-phase 
or tuo“phase motor is tin* loss of one ])lKHt* of the jiower supply. It 
may lx* caused by the* blowinu of ti fuse someuliere in the syslt'in or by 
burning out or mechanical interruption of (me of the conductors of 
the power supply. Line voltage* may still {i}>pear across two of tlui 
stator leads, and (he* moteu* then operate*^ as if it we*rc ce)mu*cted 
to a ^ingle-phase sy**te‘m 

Jf the* loss of pliase* occurs Avhile the motor is running, the* motor 
(*ontinne‘s (o run ^^ith little* change* in sj)ee’d. For a give'll load, 
curre'iit in the* stator winding of a thr(‘(‘-phasc motor rises to afijiroxi- 
mate'ly 1.73 time's the* curre'iit the* motor would draw from a thre'e- 
jihase syste'in. A single-phase’d two-phase* mote»r draw’s twdee the 
curre'iit it w’ould draw' troin a symmetrical system. The* motor over¬ 
heats if it is left running single* jiliase continnously. If the* loss of 
phase occurs while* the motor is at stanelstill, it will not start as tlio 
starting tore pie* is z(*r(). 

A siiuile'-phase' systcMii e*an be* e’oiiside'reel by symmetrical coinjie)- 
ru'iits as being the re'sultant of two balanced peilypliase* systems of 
opposit(‘ phase se*{piene*e*. hiaeh erne eff the* polyphase* systems d(*- 
vel()])s torepie in the motor, erne* torepie* in the* jiositive and one* tonpie 
in the* negative* dire*ction of rotation. I'he* lU't torepie of the motor 

the difk'i’enee betw'ee*n positive* anel negative torepie at (‘acli spe(‘d 
j)oint. It is possible* to de'termine the single-jiliase spee’d-torepic 
<‘haructe*ri‘'tic of a given motor over its full si)e(‘d range* if its poly- 
]>liase characteristics are known. It is n<*(*essary to olitairi from 
the* motor de‘signe*r torepie*, e*urr(*rit, and jiowe'r factor over the range 
Iroin full positive* to full negative* spe‘(*d. These data are given 
in Fig. 74 for a tyjiical sepiirrel cage* motor. 
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Tortiue df vckipfd in tlic forward or positive direction of rotation 
can be determined f)y calculating motor impedance for rotation with 
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POWER FACTOR 

I*'n;, 71. 'PdnuK', currciil, and jtuwt'r faclor <unts nl t\pical sciuirn l induc¬ 
tion inottir. 

(In* f1ii\ niid M»;niiist tlir flux, tliat lor povitivo and lU'f^alivi' spr(‘(I. 
By usinj> (lie following syinhol>, \\lii(di can he expressial in ptT unit 
or in nuineri(‘al values, 

r liiu* volta^i* = unity 
N = motor sp('e<l 
/ j = eui rent lor specnl S 
I = current lor eorn'spondinp; sjH'ed —S 
7'_| = tonpH' lor spetnl S 
T = tonpic* for corresponding sp(*ed —S 
7j ^ — motor imp(*dance for sp(*(‘d N 
/ — motor impedance for eorrt'sponding speed — <S 

motor imiH'danee can he ealeulattKl for any speed ])oint from data 
given in Fig. 74. 
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( 41 ' 

( 42 ) 


If and Z_ are added veetorially and i^ower factor is used at speed 
S and —S from Fig. 74, the total impedance Ihm'ohk's 

Z = Z ^ + Z (43) 

From the tonpio curve of Fig. 73, 7’, and T can Ix' read. Single^ 
phase* torepK^ in tlie forward (lir(*ction 


7V - 



(M) 


Similarly, single-phase lonpie in the* r(‘\ers(‘ direction is 



(45) 


Total torcpic of the motor is the dinerence* lH‘twccn 7^- and Tj{. 

In Fig. 75 forwai'd aud i'ev(‘r^(* tonpu* an* pIolt(‘(l for tlu* range* of 
spe*e‘(ls from full-sj)ee*d forwarel tei lull-'^pe'e'd re‘V(‘rse. 'Fhe re‘sultant 



Fiei. 75. Single*-})ha'*c sju-eei-toniiie* e*ur\e‘ of scjini’K 1 cago induction motor. 

not torque, the difTeuTiice betwee*n the forwaid and reverse teirque 
curves, is indicated as the solid curve. At standstill feirwarel and 
re‘verse teirque are the same, and the re‘stdtant starting torque is z(to. 
This is the reasein why single-phase* meiteirs re epiiro auxiliary windings 
for starting. Once the motor has been starte‘d, it can run stable 
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in either direction of rotation. Slip is sli<:litly and maximum 

torcpK* somewhat lower than for normal polyt)hase operation. 


WOUND ROTOR MOTORS 

With its slij) rinji,s short-circuited, tin* "jK^fMl-lonpH' curve* of a 
wound rotor motor is very similar to that of a standard normal 
startinji^ tonpie scpiirrel ca^e motor. .\s tin* s(‘con(lary ri'sistance of 
wound rotor motors is fi:enerally low(‘r than that of sejuirre*! caf^e 
motors, .^tartin^' tonjiie is lower and startinjz; current is liif;her. 

If r(’sistanc(‘ is inserted in series with the secondary winding;, that 
is to say, witlj the rotor slip rin^s, the se^condary drop is increased 
and th(‘ slip (or rotor frecjuencyi must incrc'ase correspondingly, 
so that the voltage ^(‘n('rat(*d in the rotor l)alan(‘(‘s tlu* drop across 
th(‘ int(‘rnal and external r(‘sistanc(‘. To calcndate spi‘(‘d-tor(|iu‘ 
(uirves, it is n(‘C(‘ssary to determine ^eni'rate'd secondary voltage*, 
wltiedi is a me’astire* of spee‘d, and s(‘condary curre‘nt, whie*h is a 
nu'asure* of toreiue*. Mxpres'^cd in p(‘r unit, 

.s - (4()) ■ 

T - /.> (47) ■ 

where - per unit g('n(‘rat<‘d s(*con<lary voltage*, 

.s ~ per unit slip, 

/^ = pen* unit se*e*ondary current, 

T ” p(*r unit tonpie 

A we)und re)te)r motor (‘onne‘cte‘d to the* line* with its se‘ce>ndary 
winding open-circuite’d acts as a transformei-. Se'condaiy voltage* is 
eejual to line* veiltage* multiplie*d hy the* tian^lorme*!- ratio he*t\\e(*n 
primary and se'condary windings. No curre*nt (lows in the se‘condary, 
ne) teirepie is ele*ve’lope*d, anel the* meiteir re*mains at standstill, that is, 
slip is unity. 4^) e*xpre‘ss me)te>r ope*rating conditions e>n a jier unit 
basis, the* fe)lle)wing liase* (iuantitie*s are* ele‘hne'd: 

Base* vedtage ru.rnmi = e)peni-circuite*d stanelstill vedtage hetwe'em 

slip rings. 

Base (*urr(*nt /j = se*eon<iarv full-leuul curre*nt j)er ])hase*. 

Base torejue* = ra(e*el torepie. 

Base speH'd - .synchre)ne)us sj)(*<‘el. 

Total rivsistane'e e)f the* se'condary circuit ceaisists of inte*rnal rotor 
resistance per phase anel (*xte‘rnal resistance pe*r ])ha.s(', \\hich is (*e)n- 
necte'd te) the slip rings. 


R. = + R. 


(48) 
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wlu'ro Ro = total secondary resistance per phiuse, 

Ri = internal rotor rovsistance per i)hiuse, 

R^ = external secondary resistance per phase. 


To conv(*rt resistance in ohms to per und value, htuse resistance is 
({(‘fined as follows: 


Das(‘ r<‘sistaiu*(‘ A\> 


^*‘‘2 luw 


I niul 


(49) • 


W’itli base R^ connect( h 1 in th(‘ s(‘Condary (drciiil and hast' 7^ flowinjj;, 
tla' motor d(*V('loj)^ base tonpu', st'condary volta^t' ('(pials base /v*, 
and the sliji is unity. In other words, startinjz; torcpu' equals base 
tor(]uc. 

resistance is j^i'iu'rally obtained in ohms from the motor 
d<‘sipi(‘r, or it can })e calculatt'd if open-tdrciiitt'd st'coTidary volta^ijc' 
and full-load st'condary current art* known. If npen-circuited sec¬ 
ondary volta^i* is not j:;iven, i)a'-(* resistan(‘e can be calculated as 
follows: 

rat(‘<l motor lip 

/^.uunul - 219 X , (r>())# 

^2 iioinml (1 


Effect of Secondary Resistance on Motor Speed 

Duriim normal opt'ration th(‘ torcpie dt'livi'red by tin' motor is 
well below maximum tor<jue. and (he spiral is above tlu‘ sj)eed Jit- 
which maximum (or<pu‘ occurs. Wdthin thi'^ rami,(\ th(‘ speed-toniue 
einwes ar(‘ straight lines and the I'elation betwetai sjx'cd and tonpn’ 
( an b(‘ exprc'^si'd in per unit as iollows: 

.s- - 1 - N 

- TiR. \ R.) (ry\)m 

For any uiven amount of toiapie, slij) incrc'a^i'S and sp('(‘d decrease's 
with inen'a^inu’ secondaiy la'sistam e. If s])eed is ])lot1e(l vc'rsus 
torque', th(‘ intersi’ction Ix'twei'ii tlu' s]X‘('d hm' and th(' bas(‘ torepH' 
line i'> a dii'ect nuai^ure of secondary rt'sistanci*, as shown in Fi^. 7b. 

Stai'tine; tonpie 7\ is the* tonpu' develojxal by the motor at stand- 
'"till oi* unity slip. AVhen the secondary resi-^tanc(‘ is hi^h, say 0.5 or 
more, tlie rc'actance of the motor is only a small fraction of tlu' resist- 
anc(‘, and it can b(' lU'^h'cti’d. Tije s])(‘ed-toniue curve is a straip:ht 
Inu' b(‘tw(‘('n full sp(‘(‘d and Z(*ro speed. Starting; tonpu* is then in¬ 
versely ju’oportional to secondary resistance. In j)er unit, 

1 

T = 

" R, -f R. 


(52) ■ 
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PRINCIPLES OF ALTERNATING-CURRENT MOTORS 


In order to lay oni a sc^eondary resistance type speed controller for 
a specific motor, it is necessary to know its internal resistance Ri. 


UN£ 




Expressed in per unit, internal n'sistaiua' is e((ual to the normal slip 
of the motor at full load. (See formula 51 for T r 1 and R^ = 0.) In 
l^ig. 77 internal re^istanee of standard continuously rated motors in 
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per unit is plotted versus motor size*. Iiuliciited is a, biiiKl between 
upper and lower limits. Slip increases witli the number of poles. It 
also varies somewhat with motors of different desij:>ns. The lower 
limit is an average for 4-pole motors, and the ujijH'r limit is an 
average for 10- to 16-pole motors. For intermittent rated motors, 
internal resistance is somewhat higher. 



External secondary resistance ha^ no effect on maximum tor<jue 
but it affects tlu* slip at wliich maximum torciue occurs. In F^ig. 78 
si)eed-torciiie curves for a typical wound rotor motor art' jilotted for 
various amounts of total secondary resistance, both for the motor¬ 
ing and the plugging (luadrant. The curv(‘s rc'semble those of a d-c 
shunt motor with variable resistance in siTies with tin* armature. The 
amount of external resistance has little ert<*ct on sjKcd at light loads. 
It is impracticable to u^^e wound rotor motors as adjustabh'-speed 
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motors for reductions in si)(‘ed to less than one half at full load be¬ 
cause th<‘ sl(»|>(* of the sp(‘erl-tor(iue curves at ^r(‘ater speed reductions 
becomes too stc‘(‘p, and sli^dit variations in tonpie cause undesirably 
hi^h spe(‘d chan^(*s. 

If a greater amount of sja'ed reduction a* full load is desired, the 
motor may be built with a pole-chanfz:in^ stator winding, the same 
that is used frc'^paaitly for squirrel cag(‘ motors. Thus it is practicable 
to r(‘duce the speed to om* half of each n(»-load sf)eed by inserting 
secondary r(*sistan(*e. For in^tancc‘, a motor with a l-to-2 speed 
range by ))ole changing can be us(‘d as an adjustable-s})eed motor 
down to oiu' <|uait(‘r of its higli spewed. W'hen motor characteristics 
ar(’ reduced to p(‘r unit ^•alues, pole changing infiuenc(‘s only the char- 
acleristics of tlie statoi winding but m»t of the rotor winding of a 
giv(‘n motor. Pole r-iianging do(‘s not affect the ])er unit stTondary 
data, and a given amount of ]><‘r unit secondary i'(‘sistiince will obtain 
(he same i)er unit >pe(‘d rcaluction with the high- and low-s|)e(*d 
stator conn(‘ctions. 

Dynamic Braking and Plugging '' 

Dynamic braking and plugging performance' can be* obtained with 
wound rotor moltn’s in the ^anH‘ manner a< was d(‘S(*rib(‘d for sepiirrel 
cage mot(M's. In addition, jaad’ormance' both during dynamic braking 
and jilugging ope'ration can be influ(‘nc(‘d by changing motor sc'condary 
r(*sistanc('. Figure 7b shows dynamic braking and plugging curves for 
a (yi)icai wound rotor mot(»r for various amounts of s('(‘ondary resist¬ 
ance and foi' both directions of rotation. 

W'Ik'ii a wound rotor motor is driven by a load in tlu* same direction 
of rotation as its flux, the motor runs at a sp(*ed above synchronous 
and acts as an iialuetion genea-ator, ba'ding ])ower into the line. With 
no r(‘sistanc(' connecte'd to the slip rings, that is, with the slij) rings 
short-circuited, the speed rises slightly above synchronous, as long as 
the maximum torepK’ is not exceeded. As tlu' internal resistance of 
wound rotor motors is g(*n(‘rally lower than that of scpjirrel cage 
motors, maximum dynamic braking tonpie is only slightly higher 
than maximum motoring (onpH'. If n'sistance is inserted in the rotor 
circuit, th(‘ dynamic braking speed rises above synchronous. At unity 
tonpie the rise in spc'cd above synchronous is ('(]ual in pi'r \mit to the 
total sectindary resistance in ])er unit. As during motoring perform¬ 
ance, dynamic braking sp<‘ed vari(*s in direct proportion to overhaul¬ 
ing tonpu' on the motor shaft. Dynamic braking at speeds above syn¬ 
chronous can be used for hnvering a load und(*r the influence of grav- 
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ity as long as secondary resistance is kept sufficiently low to prevent 
excessive motor speeds. 

A wotmd rotor motor may be phiggctl by reversing two stator leads. 
The motor then turns in a direction o|iposi(e to rotation of ilux. The 
load IS restrained by the counter tonuie (he motor develops. With 
the slip rings short-circuited, the plugging curve is similar to the 



Fi<i. 79. Tyi)i< al phijitjinK mikI <lyn:iinii’ liiMkiiii; I'l'ifnriiinni’e ciiims of a woiiml 
vf'tor induction motor. ('nr\«' 1 Uj^ic inntoi cuixt ('iir\t' 2‘ S» condfiry n- 
M^tiiiKM'0.5. Ciir\('.'3: Sccon(l:ir\’r< "i'^tanco 1.0. ('nr\c 1- Sta omlars' n "i^tanct'2.0. 

(Mirv(‘ of a s(|iiirn‘l motor. It impranticahU^ to plui^ 

a woiiiul rotor motor uitli no ro^i>tan(*c in tin* '-(•condarv circuit, h(‘~ 
cause the resultant hii;li rotor ciirrtait would damage' tin' slif) rings 
and bi’ushes. 

Inserting rc’sistance in the rotor circuit matra-ially alt('j’s tin* i>lug- 
ging c*urv(‘s. W ith secondary rcsi'-taticc of unity or more, tin* sp(*(*d- 
tor(|ue cur^'es become straiglit lijies in the jihigging puadrant. The 
plugging toiTpie rises with rising >pet*d. At lu'gative synchronous 
si)eed th(‘ plugging torque is twice the >tacting torejm*. Th(‘ c(jrre- 
•^l>on(ling idngging current is twice the starting (‘ui'rent. Thus, by 
projuT s(‘lection of secondary resi.'^tanc(\ it is jxissibh* to adjust- plug¬ 
ging tonpie and ])lugging curi*(‘nt to suit the r(‘quirem(‘nts of the 
drive. Plugging can be used for retarding a load and bringing the 
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motor to a cjuick stop. It is also possible to lower a load that is under 
tlie influence of j^ravity by counter tonpie, and stable operation re¬ 
sults, as lon^ as sufficient secondary resistance is used so that the 
plugging torrpje increases with speed. 

Unbalanced Secondary Resistance 

So far performance* of wotind rotor motors with external secondary 
resistance has be(‘n considered under the assumi)tion that the same 

amount of resistance is inserted in 
each ])has(‘ of the rotor; in other 
words, that the rotor circuit is bal- 
ance<l. V’-ing uneriiial amounts of 
r(‘si>tanc(* in tlu* rotor ])hases has 
advantagt's under some operating 
conditions. Figure SO illustrates 
commonly used unbalanced rotor 
connections. 

If resistanc(‘ is connected only in 
two rotor phast's and the third 
phase is l(‘ft op(‘n, the (‘ffcMdive re¬ 
sistance* is twice tlu* actual resist¬ 
ance p(*r ])has(‘. This conn('(*tion is 
us(‘d (|uite fr(‘(|U(‘ntly on the first 
point (»f manual start(*rs, as it sirn- 
])lilies start(T design and cuts in 
lialf th(‘ amount of r(*si^tanc(‘ re- 
(iuir(*d to obtain a giv(*n starting torque, dosing the third rotor 
phas(* on the second point of tlu* start(*r l)alanc(*s the rotor circuit 
and doubles tlu* starting tor(|u<' obtaiiu'd on tlu* first point. As the 
unbalance in the rotor (*ircuit caust's torfpu* pulsations and addi¬ 
tional nu'clianical stres.s<\s in tlie motor, starting with one rotor phase 
op(*n should be used only for motors of To-hp rating or less. 

When manual drum switclies are u^ed to change the amount of 
resistun(*(* in tlu* secondary (*ircuit, tlu' design of tlu* switcli develop- 
nu*nt is gr(*atly simplified by changing resistance in unbalanced 
st(‘ps. For calculating motor performance* with unequal amounts of 
resistance in the rotor phas(*s, the eeiuivah'iit effective r(*sistance 
can be calculated by the following approximate relation. Let i?l, 
be the total r(*sistance in each of the three rotor phases. Then 
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D-C DYNAMIC BRAKING 

On account of torque pulsations caused by the unbalance in the rotor 
phase current, motors larger than 75 lip shoultl not be operated con¬ 
tinuously with unbalanced rotor connections. 

D-C Dynamic Braking 

If the stator of a wound rotor motor is excited with direct current 
and the rotor driven by a load, dynamic braking toriiue is developed 
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Fic. 81 . Ty])i(a] d-c dvrinniir hiakinR pcrforiii’\rK‘c nirvos of wound rolor in¬ 
duction motor uilli d-c excitation of 1 li full load ti-c cuncnt. 

vvliich opposes the load torque. Tlu' speed-tonpie charticteristics are 
influenced by the magnitude of the d-c (‘xciling curnail, just as in 
stfuirrcl cage motors. Furthermore, th(‘ spt'cd idtain(‘d at a given 
overhauling torque can be varied by changing the iunounl of resistiince 
in the rotor circuit governing the drop in the secondary circuit, which 
in turn must be counterbalanced by the (unf g(‘nerat(‘d in the rotor. 
With d-c flux at a constant value, sjiced increases with increasing 
secondary resistance. 
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To plot Hf)0(*(l-tor(iii(3 curves, it is necessary to obtain from the 
motor designer the aino>int of resistance necessary to obtain syn- 
ciironous speed at base tor<jue, the inaxiinuru torcpie, and the amount 
of d-c (‘xcitation. If <l-c excitation is held constant, speed at a given 
tor(iii(‘ vari(‘s dir(‘ctly in proportion to sc’condary resistance. For in¬ 
stance, halving the* resistance halves the speed. 

For estinniting purposes, the following ndation can be assumed for 
average* we)und rotor motors. If a d-c e*xcitation (‘(lual to 1.3 times 
full lf)ad a-c rins ciirreait is applied te) the stator phas(*s, maximum 
torepie is 1 . 70 . Synedn’onous spe*ed at base* torepie is obtaiiK*d with a 
se*condary n'si^tance* of 3.0. In Fig. <S1 speed-toniue curves for this 
avrrjigc* caM' ai’e plotte'd for various ana)unts e)f s(*eondary resistance. 

^^’ith a given amount of see*ondary re‘Mstaiice, torepie increases with 
in(*re‘a-ing .^p(‘(‘d, a>s long as maximum tonpie* i.^ not (‘xce'cded. D-c 
dynamii* brakinir is we'll suite'd to re'strain a load that is undeT the* 
udliK'nce' of gravity, and it has be'e'ii use*d for low(*ring control of a-c 
moteir-driven crane hoists. 

Unbalancing of Stator Voltage 

The voltage* apjilied to the* stateir may be unbalane'ed artificially, 
and the degree of unbalance* can be* varie'd, for instaru'e, by the* use e)f 
an auto-tran>forin(*r with overhanging winding acre)ss two state)r 
phases. Such a conne'ction is slmwii in Fig. S2. Ins(*rting r(*sistance 
in the* reiteu* e*ircuit obtains sp(’e*d-torepu* characteristics epiite* diffe*re*nt 
from those* of a wounel lotor motor with ))alanee'(l stator voltage*. 

Spe'e'd-torejiie* curve*s an* pl(»tle*d in Fig. S2 lor a hypothetical niote)r 
having a maximum toniue e)f 2.7.*). »^ece)ndary re'si^tance* is assunu'el 
to be* O.C). The dotti'd curve's re*pr('M'nt tlu* spe'C'd-torejiie curve's ob- 
taine'd lor positive* se'epie'iice* voltage's Fj and ne*gative* s(*(|ue*nce volt¬ 
ages r e*(iual to O.No and ().(> line* voltage*. As teirepie varies as the 
sejuan* of applie*el voltage*, maximum tea'ejue* i'^ re'duceel te) 2.0 and 1.0, 
H'spi'ctive'ly. 

If ])ositiv(' and lu'gativc' se*(]ue'n(*e* ve)llage's are apjilie'd to the motor 
simultaiu'oiisly by Uiibalancmg the* stator ve)ltage, the m*t torcpie de- 
vele)pe*d by the* luoteir is eefual te) the elilTerene'e e)f the* te)re|ues de- 
V(*lope*d by the* positive and ne*gative se*eiut*nee voltage's individually. 
An extre'ine* case* of unbalance* is obtained whe*n mote)r stateir terminals 
To anel are* e*e)nne*cte*d te)ge*the‘r to semie point on the aute)-trans- 
former. 'Phis is e*(]uivalent to applying single* })hase te) the stator, anel 
positive anel negative se*(|uence ve)ltages are eepial. Curve A is plotted 
unde*r the assumption that anel F. are be)th 0.8.5 line voltage V. 
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The resiiltant curves show that zero torqtie is developed at stand¬ 
still. The motor does not start, but it rotartls an overhaulins: load. • 
Curve B is plotted under the assumption that T-^ and T;, are con¬ 
nected to the auto-transfornier in stich a manner that 1'+ is 0.S5 and 
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Fi(7 S2 ICflf'cl of iml).il.in<< oi '-I itoi xoll.it^t tni |»i i loj iiLint t oi wouihI loloi 
inrluclioii niofor .,1. Po'-ilnc .iinl '‘ftjutiut \ oll.ijrt(.icli OH.") 

i'urwB: PoMtn (< “st (jut net' \ oli.ii»( 0 S.'i. n< i\• -iipifiut \ohan 0 (>0 
(’; Posit i\ (• s( (puTicc \ oltajrt' 0 OU. lit i\ ( sitjntntt \ oltaiic 0 S."). 

r_ 0.0 lino (’urvi' J> i-- tin* diHViT nci* clotttxi nirvo 

for 0.85 j)()sitivt‘ stxjiu'nco and 0.0) iK’^ativi' sctjurncu. Likewise*, 
curve C is plotted under tin* aissumptinn that 7L and 7';{ are reversed 
on the auto-transformer so that is 0 () and is 0.85 line voltti^e. 
C’urve (' is tin* difterenee between tlu* dolied curves for 0.85 lu'^ative 
>e(iuence and 0.6 ])(>sitive secpienee. 

('urves B and show that no-lo.'id sprod.-- ix'low synclironous can 
he obtjiined. ('urv(*s A, />, ainl f’ are well united to ret.ard an over- 
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hauling load and to restrain a load that is under the influence of 
gravity. Unbalancing of the stator phases is used in connection with 
the low(Ting operation of lioists. The speed-torque characteristics 
are desirable, but unbalancing of the motor has the disadvantage that 
the stator current is unbalanced and loss(*s art’ etpial to the sum of the 
losses caused by the positive and negative sequence voltages, whereas 
the developed torcpie is etjual to the difference of the torques developed 
by the individual voltage setiuences. 

Power Selsyn Operation 

If two wound rotor induction motors are so interconnected that 
corresponding phases of the stator windings are connected to the same 



Fjc. Sa. P()\v«'r M*l>vn syslcin of Iwo woiiiul rolor induction motors. 

phas<‘s of th(' line and (•orr(">p(ni(Iing rotor plnis('s are interconnected, 
the rotor voltages of i)oth motors must Ix’ of e()ual magnitude, and 
l>oth iiKJtors must operate tit the stone jH'r unit sp(‘('d. As long as the 
two rotor voltiigi's litivi' the same pliti^e tmgh’, the two rotors will re- 
ttiiii th(‘ siuiH' tingultir position in sptiei’, thtit is, the two motors will 
run in synehronisin. If one of the two rotors Itigs in angular position 
with respect to tiu' other, a ]>hase shift oeeurs between the two rotor 
volttigc's, which, in turn, causi’s a eireulating current to flow between 
thi' two rotors. This current develops a toiaiuc in the direction to 
reduce the angle of lag between the two rotors, and this torque keeps 
the two rotors in step as Jong as tin’ maximum toniue wliich the 
combination is able to (h’vcloj) is not exci’oded. The torcpic is called 
synchronizing torque. A sy>t(‘m of induction motors as described is 
tallied a power selsyn (from Nc/f-.s//nchronizing) system. 

In P^ig. S3 the connections of a simple power selsyn system arc 
sliown sclicinatically. It consists of two wound rotor motors. They 
may or may not have an eipial number of poles. Their rotor open- 
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POWER «ELSVX OPERATIOX 

circuit voltages must be the same so that tlie rotor voltages match at 
any speed. If one of the induction motors, the transmitter, is driven 
by a motor, it transmits tonpie to the second induction motor, the re¬ 
ceiver, which rotates at the same relative sjaa'd (as determined by its 
number of poles) as the transmitter. Powi-r selsyt\s can he used to 
operate two mechanically separated devices at the same spi-ed ainl in 
synchroni.sm with each other by meiins of electrical interconnections 
only. 

Power selsyns may bo driven either in the same direction or in the 
opposite direction as the rotation of flux. The imiximum toniue that 



AGAINST FLUX __PER UNIT__ WITH FLUX 

NOTATION SPEED ROTATION 

Fiu. 81. Maxiniiiiu torque characterislK* of two itieutic.il wuinnl nitor inotoiN 
operating as powt'r s< 

can Ix' (l(‘V(‘l<)p('(I by tlu* coinliiiiiition vari(*< with i*(‘lativ(‘ s])C(‘(l. In 
Fi^. S4 tlu' torcpKLs of lifitli traiiMiiittiT and nax'ivt'r nrt' plotted versus 
sjieed for im'chfinieal rotation witli or a^^lin‘^t lliix rotation. ]ias(‘ 
tonpK* is the rnted torfnu* \Nhi(']i tlie seKyn ina(*hin(‘s would devidop, 
when oiTcrated as induet ion motors. \\’h(‘n ^eKyn> ar(‘ o])erated in 
the same direction as tlie field, tlie syuchrouizinu; torfjue d(‘(*reas(*s 
ra]>idly as synehronous speed is approached. I'or this reason, selsyns 
should not be operated at speeils above* two thii’ds synelironous s])ee(l, 
unless they operate against flux rotation. 

If the selsyn system is subjtrtc'd to ra])id change's in s])(‘(‘fl or in 
torfjue, the system may tend to hunt. \\'li(‘ther or not tlie systf‘m 
will actually hunt depc'nds largely on design const ant of the* sf*lsyn 
machines and meehanieal constants of tin* drive. If a drive* is found 
to hunt, this hunting can be remedied by inserting resistance in the 
stator idiases of the receiver. The maximum torfjue of tin* receiver is 
thereby reflueed, but the n’ceiver follows sjieed changes of the trans¬ 
mitter with less tenflencv to overshoot and hunt. 
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[V)wi‘r HclsyriK may ho us(‘d to hold two independent motors in step. 
Ih ferrin^ to Fi^. 8,'^, both the transmitter and tiic receiver may be 
connected to driving motors. The selsyn system then does not 
IrariKinit all the required driving t(»rque to the receiver but only suffi¬ 
cient torc|ii(‘ to k(‘ep the two motors in synchronism. 

The synchronizing tor(|ue holding the selsyn motors in step varies 
with the angle of disj)lacenK*nt between the rotors. The angle of 
displacenuait is m(‘aMire(l in electrical <legrees; 3()() i-lectrical degrees 
are one r(‘Volution divid(‘d by the number of pairs of poh's. Synchro¬ 
nizing tonpie is zero at z(‘ro degree's dis])lac(‘ni(‘nt and at apf)roxi- 
i!iately 1X0 d(*gr(‘(*s displacement. The tonpie n'aches a maximum at 
approximately 0(J and 270 d<*grees displace'inent. 

H(‘f()re a pow(‘r s(‘lsyn system can be started, it is necessary to 
synchronize* or '“lock in step’^ the s(‘lsyn motors at standstill. If 
thre(‘-|)hase voltage* we're* applii*d anel the* selsyn meiteirs were stand¬ 
ing still with a large* angular elisplace*inent be'twee'U the*ir reiteirs, a high 
tonpie* wonlel be* el(*ve*lope‘(l, pulling the* inedeirs in ste'p. Heiwever, the 
meiteirs wemld in me)*^! e-ase^ ove*rshe)e)t the* ^Me)e*ke*d in ste*])” redeir posi- 
tiem and start tei run as indue*tie»n motors, failing tei syne-hremize. If 
single'-jihase* veiltage* is fir^t ajiplie'el, a synchremizing torepie is ele- 
ve‘le)pe>el vvhie*h leie'ks the* rotors in step. The meiteirs, heiwever, cannot 
start with single‘-pha*'(* e'xcitatieai, as the* starting teirepie* is ze*re). A 
ve*ry satisfacteny me'tlmel tei start peiw'cr selsyns is the* three-stc]) 
me**, field illustrated in Fig. So. On the* first ste*p, single*-phase veiltage* 
is applie*el tei the* stator.s of beith se*Fyn motors, the* thirel stator ])hase‘ 
e)f e*ae*h nioteir be*ing le*ft elise*onne*e*te*eI. The syne*hre)nizing te)repie 
n‘ache‘s a maximum ne'ar ISO ele*gre*e*s elisplae*e'ine'nt, anel the sedsyn 
meiteirs are* jiulle’ei togethe*r in a elire'ctiein teiwanl the zero elisjdace- 
nie*nt poMtiein. ()n the* srconel ste*p, the thirel ^tate)r phase's eif the twe) 
sel>yns are* e*e)nne‘e*t(*d te)ge*the*r. The torepie curve* appreiximatc's a sine 
wave*, with maxima at 00 and 270 <le*gre*e‘s di^jilace'inent. The niaxi- 
muin tonpie*, he)W'e*ve*r, bare*ly e*epials rate*el meeteer torepie. On the thirel 
ste'p, the* third .'--tator ])ha^es are* e*e)nne*e*te*el to the* line sei that tlire'e- 
pha^e e*xe*itatie)n is applie*el to the tw’e» sel>yn meiteirs, and the maxi¬ 
mum teirepie* rise's e'emside'rably abe>ve the single*-i)hase value. This 
rise* ])iills the reiteirs t«)ge*the*r te) h*ss than 30 ele*gre*e*s elisjdacement, the 
exact angle* eL'pe^neling ein the loael teinpie the selsyns have to eiverceime. 
The* twa> se'Fyn inoteir^ are then firmly leickeel in ste]>, and the selsyn 
syste'in is reaely te) be ace*eh*rate*d. 

Altlunigh a number e)f experimental earciiits have be*e*n workeel out 
te> syne'lininize* powa*r se*Fyn me^teirs wiiile they are* running, nemo e>f 
tlu'in is sutlicie'ntly simple and reliable te) be use*el in practice. Con- 
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trollers for power selsyns must be designed so that the selsyn motors 
are synchronized at standstill, before the system starts to rotate. 

Whereas the foregoing explanation of powcT seNyn operation is 
based on a system involving two selsyn motors, it is pos^ibK' to make 
up a selsyn system consisting of three or more s(‘lsyn motors. F.ither a 
multiplicity of indivitiiial motorized drives may be kept in >ynchroniMn 
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DISPLACEMENT IN ELECTRICAL DEGREES 

Ki(., 8 / 5 . Tyi)i(':il lonpio-MTijilc curves lor llio e-.s|cp si (pu ncr of povvcT 

scNyn 

by power selsyns or one transmitter may traii'-mit jxnvc'r to a niulti- 
])lieity of receiver \inits. In such a system, i*e'-istance should bc‘ con¬ 
nected in the stator phases of the rec(‘iver units to forestall any tend- 
taiey of tlu* system to hunt because of unecjual torepu* jieaks to which 
the various receiver units may be subjected. 

Speed-Regulating Sets 

The speed of an induction motor for a giv(»n torrjue is det(‘rmined 
hy its secondary voltage, which is proportional to its slij). In the 
''<^iuirrel cage motor and tlie wound rotor motor with short-circuited 
’’ings, the secondary voltage is determined by the internal resistance 
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drop in the rotor. If resistance is connected in series with the slip 
rin^s of a woorid rotor motor, the seconjlary voltage is equal to the 
internal drop across the rotor resistance plus the drop across the ex¬ 
ternal resistance. The frecpiency of the se(‘ondary voltage is equal 
to the fre(iu(‘ncy of the primary power supply multiplied by the 
slip, called th(‘ slip fre(|U(‘ncy. Neglecting stator losses, the mechani¬ 
cal ont[)ut of the motor is <‘(jual to the electrical input, multiplied by 
th(‘ sjx'ed in p('r unit, and the loss in the internal and external rotor 
n‘sistnnc(' is ecjiial to tin* electrical input iniilti])lied by the slip in per 
unit. As the drop across the secondary resistance varies with rotor 
current, that is, with torcjue or load, it is not possible to obtain con¬ 
stant s[H‘ed with varying load by inserting resistance in the rotor 
circuit. 

Intrcxlucing int(i tlie rotor circuit, from an ('xt(‘rnal source, a voltage 
(if prop(‘r magmtud(‘, ])liase angle, and fr(‘(|uency makers it jmssible to 
vary the inot(ir sp(H‘d. Additional rotating machinery is required 
to produce' thi' (‘\lej*nal ^(‘condary voltag(‘. Such combinations of 
machi!U‘s an' called spet'd-ix'gulating sets. Th(‘ amount of s])eed vari¬ 
ation with i'(‘sj)ect to synchronous spix'd which can be obtained is 
calk'd tlu' rang(‘, which is ('(jual to th(' maximum slip that can be pro¬ 
duced. Sp('('ds below synchronism arc' obtained by introducing i 
voltage* which adds to tlu' voltage* dro]) in tin* rotor circuit. Speeds 
al)OV(* synchronism aiH* (»btaine(l by imj)ressing on the rotor a volt¬ 
age' in the oppo>ite sense from the rotor voltagt* drop. Speed-regu¬ 
lating s(*ts lor speed control below synchronous are called single¬ 
range s('ts, and tliose permitting speed control both below and above 
synchronous an* call'd double-range s(‘ts. 

By varying not oidy tin* magnitude but alM) the ]>hase angle of the 
voltage inij)ressed on the rotor, tlu* phaM* angh* of the secondary cur¬ 
rent (‘an b(‘ shitted so that a ])ortion of the magiK'tizing current of the 
motor is supplii'd from tin* rotor circuit instead of the stator. This 
sliilt results in an impi'ovenu'iit of tin* power factor of the motor, as 
vi('W(*(l from the supply lim*. 

I he siz(' ol th(‘ machiiu's of a spt'i'd-ri'gulating set is determined by 
th(' slip eiK'i’gy tlu'y must handU'. 'I’his t'<iergy is etpial to the rating 
of the induction motor, multiplied by the maxinmm slip or range for 
which the s('t is d(*sigiu'd. B(*caus(' ot the cost of the machines, speed¬ 
regulating s('ts are economical only for large motors and for a limited 
range. If a spet'd range above two to one is retpiired or if motors of 
small or medium size* are involved, the use of conversion apparatus 
and adjustable-voltage d-c drives may prove more economical. 
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In the following paragraphs a nuinher of spmi-ivgiilating systems 
are described which have fo\md practical use. 

Kraemer Sets 

Kraemer sets use d-c machines to tran.-form tiie slij^ energy and to 
supply the voltage iinpn'ssed on tlu' n)tor of tht‘ main imluction 
motor. Shown in Fig. Si) are the basic circuits (»f two tyj)es ol sets. 



Fk., 86. Prinri])al ronncrtioii'' of Kraf mrr m'N’. 

Tlie slip rings of tlic main motor ar(‘ coniK'ct(*<1 to the ^lij) rings of a 
rotary converter, the commutator of which i^ comu'ctcfl to th(‘ com¬ 
mutator of a d-c motor. In Fig. Sti.l tlie «!-<• m(»tor is cou])h‘d-to the 
main motor shaft. Thus the sli]) energy tlow^ from the main motor 
rotor, through the rotary converter, into the d-c motor, and is utilize<l 
as sliaft outj)ut of the main motor, Tliis set is cajjabk^ ol ])roducing 
constant horsepower over its s])<‘ed range. Tn Fig. SOB 1lit‘ d-(* motor 
is coupled to an induction motor, wliich i.- drivc'ii as an induction 
generator and feeds the slip energy l)ack into iIk* jH)W(‘r lim*. This 
set is able to operate ov('r its spi'e<l range at con‘-tant tonpie. A con¬ 
stant voltage d-c supi)ly must lx* availa})le to furnish excitation for 
the synchronous converter and th(‘ d-c motor. 

The sf)eed of the main motor is varie<i by changing the ex(‘itation 
of the d-c motor, wliich controls tlu‘ voltage* a(‘ro^s tlie commutator 
of the rotarv convert(*r. This in turn determines the voltage across 
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tlic rotary ronv(*rt(T slip rings, which is impressed on the main motor 
slip rings. The sfM‘(‘d range that can he obtained with Kraerner sets 
is solely a fpiestion of cost, as with sufficiently large d-c machines it 
would be possible to r(‘duce the main motor si)eed to zero. Power 
factor correction can be obtained by overexciting the rotary con¬ 
verter. Design limitations of the rotary converter make it impractical 
to imf)rove the })o\ver factor beyond approximately 0.95. 

To start a Kraerner s(‘t, the main motor is first started and 
brought to normal speed with a conv(*ntional resistance type starter. 
In a constant tonnu' set, the d-c induction motor set is also started. 
With iKJ excitation on the d-c motor, the slij) rings of the main motor 
are ."witcla'd from the starting resistor to the rotary converter. Ex- 
citati(jn is tiien applied to the d-c motor, and the main motor assumes 
a s|H‘(‘d cori(‘sponding to thc‘ voltage produced by the d-c motor. 

On account ol th(‘ small amount of slip (‘nergy available n(‘ar syn¬ 
chronous speed, the rotary converter b<‘(‘om(‘s unstable at low slip 
fu‘(pi(‘n(‘y. 'Phis limits Kraerner s(‘t opc'ration to sjunnls obtaining 
slip fre(pa’nci(‘s above 2 cycl(*s, and Krac'iner s('ts ar(‘ used only as 
singl(‘-range sets. By revea-sing th(‘ excitation of the d-c motor it is 
possible to acceha’ate an uidoadc'd Kraerner sid through synchronous 
speed, and stable operation above synchronous sp('(‘d can be ob- 
taiiual without dilfi(Mdty. However, the ‘Mt'ad zone” of 2 ey(d(‘s below 
and above synchronous spewed, within which the main motor cannot 
deliv('r any appreciable jimount of tonpH*, make double-range oiiera- 
tion of KraeiiKM’ s(‘ts iinjiracticable. 

Scherbius Sets 

In a Scherbius set the slij) rings of thi' main motor an‘ connected 
to the commutator of a so-called Scherbius machine. This machine 
is buiU similar to a conventional d-c machine. Three sets of brushes 
ar(* arranged on tlie commutator so that three-pliase j)ow('r can be 
tak<'n olT. 'The field structure is excited at slip fre(|ueney through an 
auto-transformer. d’'hus tin* fre(juency <if tin' voltage appearing at tlie 
commutator briislu's ecpials slip fr(*(|uency. Jiy ta])-changing of the 
auto-traiisformer, the magnitude of tlie voltagi' across the commutator 
of the Scla'rbius machiiu', and correspomlingly the sli}) of tlu' main 
motor, can lx* vari(‘d. By suitable design of tlu' Scherbius machine, 
tin' phase' angle of its commutator voltage' can be defiected so that 
th(' power factor of the main motor is improved to ajiproximately 
0.95. 

Figure' S7.1 shows the' i>asic ceennectieins e»f a ceaistant te)rque 
Scherbius set. The' Scherbius machine is cenipled te) an induction 
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niHchino. The slip cnerj^y is transmit It'd from the main motor rotor, 
through the Seherbius maehine. to the iiuhietion machin(‘, which 
U‘(‘(ls the energy back into the line. Therefort, this set operates at 
('onstant torciue over its sjxhmI range. The Scherbins machine conhl 



be coiiph'd directly to the shaft of tlie main motor. Th(‘ slip energy 
would then be transmitt('d })ack to the main motor shaft mocliani- 
(‘al (‘iiergy, and the set would operate over its speed range at constant 
hors(*pow(n\ 

On ac<*ount of commutation limitation^ of Scherbins machines, the 
speed range is limited to a sli}) fre(|uency of 1<S cycles. Tims the 
relative speed rang*' of the main motor is gn^atcT on a 2r)-cycle sys¬ 
tem than on a bO-cycdc' syst(*m. Wlnai synchronous sp(‘ed is aj)- 
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pniarlicf], slip fm(ii(‘nf‘y and slip enorpiy docmiso. At synchronism, 
slip frequency and volfaj^e across the ScluTbius machine are zero, and 
no voltaj^e is available to ov(‘rconie the drop across the resistance of 
the main motor rotrjr. The set shown in Fi^^. H7A cannot operate at, 
or be acceh*rat(‘d through, synchronous speed. The set can operate 
only below synchronous sp(‘(‘d. It is a sinf];l(‘-ran{^e set. 

To operate* a Scherbins set as a double-range set through synchron¬ 
ous sf)eed, an additional machim* is used, called the ohmic drop ex¬ 
citer. Its basic circuits ar(‘ indicat(‘d in Fig. S7fi. The ohmic drop 
e.\cit(‘r is coupled Ui the* main motor. It consists of an armature with 
slip rings al one* e*n(l anel a commutator at tlu* otli(‘r (‘iid. There is no 
staloi'. The slif) rings are (*xci1ed at line* fre'fjuency through a trans- 
forme'r. 'Fla* oimiic drop excile*r acts a^ a tj-(‘(|ue*ncy changer, and 
a vobage* at slip frc'ejiiency a])p(‘ars across tlie commutator. This 
vejitage is feel to tlie* field winding of the Sch(*rbius machine. A re¬ 
sistor in s(‘ri(‘s with the e)hmi<* drop c*xcit(‘r is adjust(*d so that the (‘x- 
cit(‘r voltage* eeiual' the* dre»p ae*re)ss the* r(*sistor and the Scherbins ma¬ 
chine* fie*lel winding. 

At syne'hronous speed of the* leiain me)tor, the* edimie* drop exciter 
pre)due‘e*s a el-e* voltage* sufiie*ie*nt tee (‘xcite* the Se*h(‘rbius machine, 
whie*h in turn ge*nera(e*s suflie*ie‘nt vedtage* to overceime the resistance 
elre)p in the* main motor rotor. Stable* e)peratie)n at synchrenious sjieeel 
is j)e>ssibh*. A Se‘h(‘ibius set with e)hmic elreip i*xcite‘r can be acceler¬ 
ated ihrejugh synchre)niMn and it e)pe'rate*s as a doiible*-range set. 

As ce)mpare*el with a Kraeme*!- se*t, tlu* size* of the regulating ma¬ 
chines is i’e‘eluce*d l'e)r a givi'ii teital spee'el range*, as the* range e)f the 
Se'herbius set e*an be* divide*el intee half range* aln)ve and lialf range be- 
leiw syne*hre)nous s|M‘ed. In e)the*r weu’els, for a give'ii total range the 
Scherbins set ope'rate's eenly at eene* half slip, e‘ithe*r plus or minus. 

Frequency Changer Sets 

Basic cire'uits eif spe’e*d-re‘gulating se*ts with fi’eupiency cliangers are 
inelicate*d in Fig. SS. Diagram .1 pertains tei a ceinstant teirepie se*t. 
The* sli]) rings of the* main me)te)r are* e*e)nne*cte*el to the* ceimmutator 
e)f a fre‘ejui‘ne*y e*hange’r, the slip rings e)f whie*h are ceinnecteel te) the 
line thre)ugh a tap-e*hanging transfe>rnie‘r. The* free|uency changer is 
built like an olimie* dre)p e*xe‘ite*r, e*xee*pt that it has a largtu* rating. 
C'e)uph*d to the* main ine)te)r is a small synehre>nous generateir which 
produce*s a fre‘<piene*y corre*spoiuiing to actual meitor speed. Te) this 
generate)!* is e*e)nne*e*te‘d a small syne*hre)ne)us me)te)r whie*h elrives the 
freaiuency ehangt‘r and su])plie*s its 1osm*s. Thus the free|ucncy 
change'i* re)tate*s at a sj)e*e‘el corre'spoiuling te) actual mote)r speed, anei 
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i\w fm^uoncy of the voltage across the frt‘(|iieiu‘y changer slip rings 
is (‘(pial to line freciiiency. 

Slip energy flows fnan tlu* main iimtor slip rings through the fre- 
queney changer and back into the line, lienee this set op(‘rates at 



Fi(.. SS. of iiry rli.iriKor sjhm (i’-ivtculalin^ sots. 

eoiistant torcpie ov(T its sj)c(*d rang(‘. Ey elianging taj)s on tlie trans- 
loriner, tin* 'V'oltagc across the frcf|U(‘ncv changer slij) rings is varied. 
Tills voltage, in turn, vari('s the voltage* across tin* fr(‘(pH‘ncy clianger 
eonmnitator and the s])eed of the main motor. Pe)wer factor correc¬ 
tion can l)(* obtained to some (‘xtciit liy shifting tlu* commutator 
l)rushes of tlie freejuenev changer. 

At synchronous speed of the main motor, the fr(‘r|uency changer is 
driven at synclironous speed, and direet current apf>ears across its 
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commutator, overcoming ttie resistance drop in the main motor rotor. 
Stable operation at synchronous speed is i)ossible, and frequency 
changer sets can be built for double-range operation. The speed 
range that can be obtained is <l(‘teniiined by the commutating limit of 
the fre(iu<‘ii(*y changcT. 

Frecpjency changer sets can hImj be built for constant horsepower 
operation, as indicat(‘d in Fig. 88/L The slip rings of the frequency 
changer are connect(‘d to a synchronous motor coupled to the shaft 
(»f tho main motor. The driving motor of the frequency changer is 
connect(‘d to the line, and the frecpiency clianger runs at synchronous 
spe(’d. The slip energy is fed from the frecpiency clianger slip rings 
to the synchronous motor and utilized as m(‘clninical energy through 
the main motor shaft. The voltage across the frecpiency changer 
and, correspondingly, the sjieed of the main motor are varied by ad¬ 
justing the field excitation of the synchronous motor coupled to the 
main motor shaft. 

Doubly Fed Induction Motor 

Sfieed adjustiTK'iit of a wound rotor motor can be ()l)tain(*d by con¬ 
necting the stator to a line of fixed frecjuency and the slip rings to a 


AC LINES 



Fkj. S9. Doiihlv fr<l wonml rot«)r incluetiuii motor witli q)et‘d-adju>'tinj5 M't. 

synchronous g(‘nerator of adjustable fre<iu(‘ncy. Such an arrangement 
is shown in Fig. 89. The main motor slij) rings are connected to a 
synchronous generator, which is driven by an adjustable-speed d-c 
motor. This motor can either be a conventional d-c motor, provided 
a suitable d-c sui)ply is available, or the motor may be connected to an 
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adjustable-voltage d-c generator, which in turn is driven by a syn¬ 
chronous or induction niot(;r. ^ arying the s}>ecd of the d-c motor by 
adjusting the d-e gimcrator voltag(‘ varies the fre(iuency of the syn- 
clironous generator and thus the main motor speed. The power factor 
of the main motor can he varied by atijnstmg the extutalion of the 
synchronous generator. The slip energy flows from the main motor, 
through the synchronous generator, and tiirough the adjustable-volt- 
age set hack t(j tlu' line. Therefort', this system is essentially a con¬ 
stant torque system. 

As (‘omparetl with other regulating systems, more rotating machin¬ 
ery is employed. However, several operating advantag(*s offset tliis 
disadvantage. As no commutator type macliines are used in the 
main motor secondary circuit, the sjHvd range is not limited. It is 
]K)ssihle to reduce tlie main motor speed to standstill, permitting 
starting of very large* motors, up to d(),0()() lij) or more \\ith a mini¬ 
mum of line disturbance. With tlie main motor stator disconnectedt 
from the line, the adjustable-voltage d-c drive* is started, and the 
fre(iiu‘ncy of the synchronous g(‘nerator is brougid up to line fre- 
<iuency. With the main m<»tor at standstill, liiu' freciuem y a})pears 
across tile stator terminals, an<l the main motor stator can be synchro¬ 
nized with the line. After the* stator is comu'cted to the line, the main 
mot(»r can be* accelerat{*d by r(‘diicing the sj)(*(‘d of the synchronous 
g(‘iierator. 

As tlie spe( d of the* main motor is determined by the speed of tlie 
d-c adjustable-voltagi' s(‘t, it is easy to arrange for fiiu* and accurate 
automatic speed control. All the refiiu'ments that can be built into 
adjustable-voltage control systems, such as closed cycle control, can 
be ai)i)lit‘d to tliis type of induction motor speed control. It is pos- 
''ible also to rc'gulate the main motor }>ow(‘r fa(*tor by automatic 
control of the* field (‘xcitation of the synchronous generator. 


SYNCHRONOUS MOTORS -* 

It lias been stated before that an induction motor can operate at 
synchronous sjieed only if a voltage is impresst'd on its rotor. As slip 
at synchronous sjieed is Z(*ro, fnapiency of the voltage impress(‘d on 
tlie rotor is zero; in other words, direct curreait flows through the rotor. 
If direct current is maintained at sufficient strength, a flux is set up 
'stationary with resjiect to the rotor. The ])oles of lu* rotor flux are at¬ 
tracted by ojiposite poles of the rotating flux set up l)y the stator 
winding. Thus the rotor rotates at the same spewed witli which the 
"tator flux rotates in space, defined jireviously as the synchronous 
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yp(*(*(l. It is (ietennined by the number of ])oles (which must be equal 
for the stator and rotorj of the motor and the line freciuency ap]>lied 
to the stator. In Table 3 synchronous speeds are listed for various 
numl)er8 of poles and line fref|uencies. 

TARLE 3 

SYNTnitovoirs Spkkds koh \'AKiors Ncmbkhs 
OK ]N>lk.s ani> Link Fhkqkkniiks 


j\ umh( r 
of l*ohn 

io Cifrlra 

Sptffi al 
oO CyciiH 

fit) Cfirles 

2 

15(M> 

3(H>0 

3000 

4 

750 

1500 

ISOO 

i\ 

5(M) 

lO(K) 

1200 

S 

375 

750 

000 

10 

3(M1 

000 

720 

12 

250 

500 

000 

1 1 

214 

42H 

514 

Hi 

ISS 

375 

150 

IS 

Hi(i 

333 

400 

20 

150 

300 

300 

22 

130 

273 

327 

2 4 

125 

250 

300 

2(i 

115 

231 

277 

2S 

107 

21 1 

257 

30 

100 

200 

240 

32 

01 

ISS 

2'jr) 

3(i 

S3 

107 

200 

10 

75 

150 

ISO 


For reasons of (‘conomy in desif>n, th(‘ fn'ld structure' of synclironous 
motors consists usually of a I’otor with salient }>ol('s. As a matter of 
pi’incipl(\ (‘ither tli(‘ stator or tlu* rotor may be tlu' d-c excitc'd field 
membt'i’. In practically all cases, howeve'r, tlu' rotor is tlu' field 
inemlxa* and the* stator is coniu’cted to tin* line, with the* advantage 
that the stator windiiiii; can be insulat(‘d I'asily for high voltages. 
Also, large curreaits do not have to be carrie'd through slip I’ings. As 
compared with induction motors, synchronous motors liave' the fol¬ 
lowing advantages. Kfiiciency is higlu'r. By proi)er control of the 
<I-c field excitation, the peiwor factor of the motor can be made unity, 
or even leading, so that syiudironous motors improve the power 
factor of an industrial system. From a mechanical iioint of vi('w, a 
synchronous motor has simph'r rotor construction than an induction 
motor, and its air gaj) is larger. Some source of direct current must 
be available, either from an existing d-c shop system or from an 
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exciter that is either chrectly coupled to or belt driven from the syn¬ 
chronous motor shaft. 

Figure 90 is a view of a slow-speed synchronous motor, rated 500 
hp, 300 rpin, 2300 volts, 00 eycle^. The connection^ to the d-c field 



Fio. 90. SIow-si>or(l -vncbionoii'- motor willioiit hhaft 

coils are brought out to slip rings. Stator terminals are at th(‘ bottom. 
T}i(‘ motor is intended for driving a coinjin'^^or, on tli(‘ shaft of which 
tlic' r(»tor ^\lll })e assembled by the coinpres'^or binhh’r. 

Tiie direction of rotation of a synchronous motor depends upon 
the direction of rotation of the Mator flux. Synchronous motors can 
1>(‘ r(‘V(‘r‘^(‘(l in tin* same way a*' induction motors, nam(*ly, by revcTSing 
two of the stator leiuN. 

Synchronous motois ai(* strictly const ant-‘'])('(‘d motors, and the 
only ])ossible w'ay to \ tiry their ^p(‘ed is to vary tlie fr(‘(|uen(*y of the 
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voltage applied to the stator. Such a system of speed control is im¬ 
practicable. Because of the rigid speed characteristic that does not 
j)ermit any speed change with load, synchronous motors are unsuited 
for parall(‘l operation on the same mechanical load. 

When the si)eed of a synchronous motor is called constant it must 
be understood that tliis j)ertains only to average speed. The instan¬ 
taneous speed does change' with variations in load. As the rotation 
of a synchronous motor depends upon the attraction of unecpuil stator 
and rotor poles, it is jH)ssible that the angular relation between the 
axis of the stator i)oles with respect to the axis of the rotor poles 
undergoes changes with changes in torepie', resulting in instantaneous 
speed changes. Tla^re is a maximum torfjue that the motor can de¬ 
liver, called th(‘ pull-out torcpie. Tf it is exceeded, the motor pulls 
out of st(‘p and stalls. As torcpie is projiortional to flux and armature 
(or stator) ciirrc'iit, pull-out torcpio is a direct function of the i)roduct 
of field current and line voltage. 

A synchronous motor containing only a stator and a d-c excited 
rotor winding devel()})s torcpie at synchronous sjH'C'd but at no other 
spec‘d. It cannot dc'vc'lop any starting torcpie. When synchronous 
motors were introducc'd, they were' startc'd at no load by auxiliary 
motors, and then synchronizc'd to the line'. To obtain starting torcpie, 
c*nabling the motor to accelerate* to a Miffi<*i(*ntly high speed to permit 
synchronizing the motor to the line, a scpiirrel cage winding is now 
provided on the* rotor. This winding c'onsists of bars imbe'dde*d in the 
jiole* fac'es and short-circuited by (‘iid rings. This winding is also e‘allc‘d 
dainpe*r or aniortisseur winding because it has the additional efiect of 
damping torcpie and instantaneous speed oscillations upon sudden 
variations in load. 

From the* point of view of operation, tlu* following phenomena are 
of interest to the control c‘nginc‘c‘r: 

1. Control of acc*c‘h*ration and deceleration, which lias jndmarily to 
do with the* operation of the* motor as an induction motor, with 
the d-c tield not c*\cuted. 

2. Application of d-c field c'xc*itation, after the* motor has been ac*- 
celerati'd to a spc'c’d slightly below synchronous s[)ec‘d, to effect 
automatic synchronizing. 

3. (’ontrol of the d-c field excitation, after synchronization has 
take'll ])lace, to obtain sjiecific operating performance. 

Starting as a Squirrel Cage Motor * * 

The starting c'haracteristics of synchronous motors with a squirrel 
cage winding are essi*ntially the same as those of sepiirrc*! cage indue- 
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tion motors. Starting torque and starting current depeiul largely upon 
tlie resistance of the squirrel cage wiiuling, which can be influenced 
by the selection of cross section and material of the bars and a con¬ 
siderable latitude is left to the motor designer. A low-resistance 
squirrel cage winding produces a low 'Starting tonpie and a low slip 
at full load, which is of advantage for synchronizing the motor. Also 
a low-resistance scjuirrel cage winding is moiv efl’ective as a damper 
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Fni 91. Starhiifj tonjiK' arid (unriif uf tyi»n*al and low-si»<*<‘d syn- 

chrunous iiiotorH. Uur\rs 7/; Iligh-^jii'C'd niofor. L: Luw-sjua'd motor. 

winding in suppressing lortiue oscillations. A high-rt‘sistance squirrel 
(■ag(‘ obtains higli starting torque, ncTesKary for many applications. 
On the other liand, the slij) at full load i^ in(‘r(‘as(‘d, and tlie efTeetive- 
iH'ss of tlie (lainixT winding is imjiain'd. (l(‘ni*rally s])eaking, high- 
^p(*(‘(l motors of a given rating liavt* a IiighiT .starting tonpie tlian low- 
siH*ed motors. Shown in Fig. 91 ar(‘ typical starting tonjiic and cur- 
r(‘iit curves for higli-speed and low-speed synchronous motors. 

If the ptiwer system ])ermits, synehronous inotors ran be started by 
apj)lying full voltage to tin* stator terminaK in tlie same manner as 
deserihed for squirrel cage motors. If system re(piirements demand 
a reduction in starting current, reduced voltage starting is used, and 
either auto-transformers, starting resistors, or starting reactors may 
he (‘inployed to reduce tlie stator tcTininal voltage. Motor torque 
varies as the scpiare of the ratio of aj)pli(‘d terminal voltage to normal 
voltage. 
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After the motor has attained synehronoiis s])eed, the squirrel caj^o 
winding; does not earry current, except when it acts as a damper wind¬ 
ing, in case the axis of tlie rotor flux siiifts with respect to tlie axis 
of stator flux und(‘r tlie impact of sudden load changes. Therefore, 
sfpnrrel cage windings are not desigiu'd to carry starting current con¬ 
tinuously. Precautions must be taken to j)revent overheating of the 
s(|uirrel cage winding, should the motor fail to synchronize and at¬ 
tempt to run as an induction motor for a prolonged iieriod of time. 

While the motor is accelerating, the field winding on the rotor inter- 
s(*cts tin* stator flux. As tin* field winding consists of a large number 
of turns, high voltages of the rirdcT of 10,000 volts or more might be in¬ 
duced in th(‘ field winding, if it were left open-circuited. During the 
starting period, the field winding shoiihl b(‘ connected to a discharge 
r(‘sistor so that current may flow in it. This currcait has a demagne- 
tizing (‘ffect and jirevents a build-ui) of voltage* beyond a safe value*. 
The ])roi)er amount of discharge resistance* to be* use*d dc*i)('nds on 
the design of the fie ld structure and should be* obtained from the inoteir 
desigiK'r. Short-circuiting of the fi(*ld winding re'sulls in a re‘duction 
of the available* starting tonjue, and, wdie'ii particularly li(*avy starl¬ 
ing re({uire*me‘nts are to be* met, it may be* ne*c(‘'^sary to le*a\’e‘ the* fie'ld 
winding op(‘n circuited. If this is the* case*, the* ti(*ld winding must be* 
sectiemalize-el, to ke*e*p the* ve)ltage* in<Iuce*el in (*ae*h s(‘ctie)n at a safe* 
value. 

Peir e'xtra he*avy starting duty, synchremeius motors have* been built 
with a distribute‘<l dam])e'i* winding, similar te) the* rotor winding e)f a 
w'eiunel roteer induction motor, 'fhis wineling is e*e)nne*e*te*el te) slij) rings, 
and the* meiteir can be* starte*el like* a w'e)und re)tor motor with exte*rnal 
re‘sistance* e‘omu*e*te*d to the* damper wineling ^lip ring‘>.'‘ 

Part-Winding Starting 

1 ligh-spee*el synchi*e)ne)us meiteir^ ha\'e* high starting current as com- 
|»ared with starting teereiue*. ()n moteers of se*ve*ral hunelre'el h()rse*pe)wa*r 
rating and large*r, the* starting e*urre*nt (*an be* re*duce*d by arranging 
the* state)!* wdiuling in .se*\'e*ral paralle*! e*ire*uit^, whie*h are* e*onne‘e*te*d 
te) the line* in seve'ral ce)nse*e*utive ste*])s. Thus exte*rnal e(jui])ment 
n(*ce*ssary feir re*due*e*d ve)ltage* starting is e*liminate'd. The* stateir con- 
ne‘e*tie)ns fe)r a two-step part-winding starting mote)r are* indicate'el in 
Fig. 92. The* stateir wdiuling is arrange'el in two paralle*! brane*h(*s per 
phase. On the first stej), eine half e»f the* winding is conne*cteel te) the 
line. On the see*e)nel ste*p, the* re*m;iining half e)f the* winding is con¬ 
nected to the* line. 



PART-WINDING STARTING 


m 


Torque and current values^ a function of speed, which are oh- 
taiticd with such motors vary considerably, depending: on the d<*si^n 
characteristics of tlie specific motor. In Fig;. 93 startingr torque and 



Tit. 92. Typieul (‘uiiiw ctioiw of ;i iwo-'^tt p ]).nl-windiiiM: n- 

fliionou'' niolor 

'-tai'tin^ curnait curves arc' uiv(‘n for a ‘tdO-hi), 720-riun inottn*. Witli 
only part of the stator windmii: energ.i7AMl, a substantial naluvdion of 
'-tartiiu; current and a corr(‘spondini;, rediuuion of thi* starling tonpie 
au‘ obtaiiK'd as compared with tlie lull stamr winding bi-ing, (*nerg,i/A‘d. 



Tu.. 93. Startiin? fliMniftrri^tics of a 72()-nmi ]. ‘*1nitmg syn¬ 

chronous motor. SoIkI cur\c'-: Tonpic. Iirok(*ii (•ur\<“'’ ( uinnt. 

The stator winding; may be subdivide<l into more than two circuits. 
Motors with three-circuit stator winding;s, jiermittin^ startinj^ in three 
sti‘])v, liave been built. 
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Plugging and Dynamic Braking 

On some applications, such as rubber mills, it is necessary to bring 
the motor to a rapid stop within a few revolutions. One method is to 
remove field excitation and to reverse the stator phases. The motor 
is plugged, and its s(|uirrel cage winding i)roduces plugging torque. 
This methofl of decelerating is simple, but the amount of plugging 
tonpie available is limited and cannot be varied by external means. 
Also stci)s must be taken to prev(‘nt reversing of the motor by dis- 
conmrting the motor from the line when it has come to a stop. 

Another* way to obtain rapid deceleration is by dynamic braking. 
TIk* motor is disconruTted from the line, and the stator winding is 
connected to an ('xternal resistor, field (‘xcitation remaining estab- 
lish(‘d. T!ie motor then acts as a synchronous alternator, driven by 
tlu‘ load, and the kinetic eruTgy of the motor and the driven machinery 
is di.ssipat(‘d in (he flynamic braking resistance. No reversing takes 
place when the motor has come to a standstill. 

The dynamic braking tor(|ue vari(‘s with tlu‘ amount of dynamic 
braking resistance. A maximum amount of average braking torcpie, 
that is, a minimum number of n‘volutions betwe(‘n full speed and 
standstill, is obtaiiuul with a dynamic braking resistance of 




^I)T 

\/3 


ohms 


(54) • 


XffT is the transient reactance of the motor in the direct axis. This 
value is not ap|iarent from the usually published motor data and must 
be obtained from the motor desigiUT. 


Synchronizing jo 

After a synchronous motor has been started and accelerated to the 
maximum speed (or ininimiiin sli])) it is able to attain as an induc¬ 
tion motor, field excitation is applied by connecting the field winding 
to a d-c source. A synchronizing toniue is then develojied which must 
overcome the load torcpie, the toixpie corr('sj)onding to the losses of 
the motor out of synclironisin, and accelerate both motor and load 
from minimum slip to synchronous sjieed. Dejieiuling upon the con¬ 
dition of the load and the design of the motor, there is a certain 
amount of slip which must not be exceeded or the motor will fail to 
synchronize. 

If the load torque is small, for instarua*, in a motor generator sot 
where the only load consists in friction and windage of the generator, 
it is not too important at whi(*h point in the starting cycle field excita- 
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tion is applied. If only sufficient time is allowed for the motor to come 
up to lull induction motor speed, fieUl may i)e applied without any 
particular precautions, and the motor will pull in step. However, if 
the motor lias to syn<‘hronize against an appreciable amount of load 
tonpie, certain ])r('cautions liave to be taken to ajiply field at the most 
a<lvantageous jioint of the starting cycle. 

To understand th(‘ performan(*e of tlie motor near synchronous 
^p(‘(‘d, it is necessary to cofisider the ctTect of tin* saliency of the 
rotor. As the rotor is not a smooth cylinder but carries salient ]mles, 
tlie reluctance of the rotor path to the stator flux varies. When the 
axis of the stator flux lines u|) with the rotor poles, the reluctance is 
low. When the axis of tho stator flux falls in Ix'tween the rotor poles, 
tlu* reluctance is high. Variations in relmdaiua' cause* the reactance 
of the motor to vary, d(*pending on the ri‘lative position of the 
rotor with respect to tlie stator flux. As the rotor slips \\'th respect to 
the* rotating stator flux, current, power factor, and torejue vary periodi¬ 
cally, and the instantaneous vahu's deviate from tin* average value. 

In Fig. 94 tlie effect of rotor saliency is iudicat(‘il. U|)p(*r suetch t 
is a vector diagram of liiu* voltage and current during staniiig. The 
lock(‘d rotor current, tliat is, tin* starting <*urrent at the instant voltage 
i^ afiplied to tlie stator, is large* and lag^ the* line volage by nearly 90 
(h'grees. Tlie circle at the end of the curreait vendor is the lenais eif the 
current vtndeir ti]), re])rese‘nting the j)e*rieMlic variations both m magni¬ 
tude* and in jiower facteir eif current due tei the influe‘ne*e of varying re*- 
actaiiea*. As tlie moteu’ a(’ce‘l(‘rate‘s, tlie* magnitude* e>f the curn*nt de*- 
e'rcase*s and the jiowcr faedor increase's, as is indicatenl by the* dotte*d 
current A'e*(de)rs, until miiiimum slij) is re'ae'hed. Tlu* njipe'r seiliel e*ur- 
re*iit ve'ctor re’])re*se’iils tliis cemditieni. For e-omparison, tlie fnll-leiad 
curre'iit is alsei in(lie*ate‘d, ceirresponding to eijie’ratiem at syne'hreaieuis 
■^peenl. It le'ads line veiltage by an angle which ele-pcnds em the niag- 
mtuele* of field excitatiem. 

In lower skeledi is indicate‘d the actual sjierd which the* moteir 
attains at the enel eif its starling cyele as an inelnetion motor. Be- 
cau'^e of saliency eif eurre*nt anel teiniue, instantane*ous spevd vari(*s 
periodi(‘ally above and beleuv average* spe'enl, Jf fie*l(l is apjilieel while 
the moteir aeeele'rates from a iioiiil of minimum s])ee'd tei a point of 
maximum speed within a sjieed cycle*, a IcsseT amomit of synchroniz- 
nig teirepie is reejuireel tei accelerate the motor to synehroneuis s[)eed. 
tdmve'rsely, while the moteir is (k*e*elerating from a peiint of maximnm 
"peed te) a peiint eif iiiininuim speed, a greater amount of synchroniz- 
nig teirepK* is reepiire'd for acceleration. This h'ads to the conclusion 
that the exact instant at which fichl is apjilit'd is eif imjieirlance in dc- 
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termininp; whether or not a given motor will synchronize under load. 

While the motor is operating out of synchronism, the rotor slips 
with respect to the stator flux. The relative position of the rotor 
poles with respect to the p<)les of the stator flux changes periodically. 
The angle, in electrical degr(‘es, between tiie rotor axis and the stator 
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lui. 91. I'.llrcl oi uii ^talUug 1*( rluiiuuUcu of >yncliroii()iis motor. 


flux axis at which ('xcitation is api^lied to the motor has an imjxM'tam 
bearing on the amount of load tonpie against ^^hich th(‘ motor is able 
to ]Tull into sychronism. 

Shown in Fig. Do is the efTect of the relative ]>()sition of the rotor 
poles with resi)ect to tlie stator ])oles. Two poles of the stator and 
rotor are shown, devtdoped in a straight liiu'. Th(‘ direction of stator 
flux rotation and mechanical rotor rotation is to the rigid. The slip 
of the rotor, that is, the relative movement of the rotor with resjiect 
to tiu' stator flux is to the left. ri)per sketch .1 shows the instant at 
whicli the axis of the stator poh^ coincides with the ax’s (>f the rotor 
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poles. Flux linkages between stator and rotor are niaxiinuin. Corre¬ 
spondingly, magnetic reluctance is low and reactance is high. Stator 
current i.- minimum, and voltage induced in the rotor field winding is 
zero. This jiosition corresjanuls to the position the rotor assumes 
when the motor operates in synchronism with the field excited, except 
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tliaf tlu‘ rotor la^s (Ik* .‘'tutor by u .small (lctorttnn(‘(l by tlio load. 

Syiiclironou.‘< operation (le]H‘nds on hi^li flux linkag(‘.s betwetai Htator 
and rotor. 

Jn lower .sketch B the instant is sliown at whieh (he rotor has slipped 
hack 90 decrees. Flux linka^(*s b(‘twccn stator arnl rotor are mini- 
niiiin hecaiis(‘ the reluetanee otT(‘red to th(‘ flnx i.s maximum. Stator 
current is maximum, and current induced in tin* rotor fi(*Id windinj^ is 
niaximum in the positive direction, that is, in a direction to maintain 
tin* flux. 
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A criterion for the most favorable angle of rotor position at which 
field should be applied is based on the following considerations. If 
field is apiilied in a rotor position which obtains a condition of flux 
linkages betwi'en stator anil rotor similar to the one obtained during 
synchronous oiieration, available tortpie for synchronizing motor and 
load is higliest. The most favorable angle is obtained when the rotor 
lags the stator flux by a small angle. In that position flux linkages 
are high and voltage induced in the rotor field winding is just rising 


(A 



ROTOR AND STATOR FLUX 

Fid. 90. KfTcft of iingh’ iit winch held :i|»pli<*<l on pull-iii toniuo of hyncliron- 

oijs motor, 

from zoro in a jiositivo clirortion. The mo<t imfnvornblo 
sonunvliat beyond the 90-(lei;rce di'-placeimmt position. Flux link- 
njijos lire low, and induced rotor volta^t* is just deerea^in^ from maxi¬ 
mum, ebarmin^ in a negative' direction. 

This condition is indicated in Fig. Ob. Load torcpie, (‘xpressed in 
per unit of full-load torcpie, against which a given motor will synchro¬ 
nize is ])lott(Hl vc'rsus the angle of rotor dis])laceinent, at which field 
excitation is a])plic’d. There is definitely a favorable and an unfavor¬ 
able range. The exact location of the most favorable and unfavor¬ 
able angle changes as much as (K) degrees with difTerent motors, and 
so doc's the amount of available pull-in torque. However, the gcmcTal 
shape of tlie curve is typical. 

Operation under Overload 

Each synchronous motor ha^^ a rated full-load torque, a pull-in 
torque at which it synchronizes, and a pull-out tonpie at which it 
loses synehronisni or falls out of step. At rated full-load torque, 
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the rotor poles lag the stator poles by an angle, called the load angle. 
If the torque increases, the load angle increases. At a load angle of 
approximately 90 degrees or somewhat higher, the torque of the 
motors reaches a maximum, called the })iill-out tonpie. If the load 
torcpie increases beyond that amount, the load angle is further in¬ 
creased, but the motor tonjue decreases. As a result, the rotor slij)s 
relative to the stator flux, tlie motor loses synchronism, and stalls. If 
the ficid remains connected to the d-e source, tor(]iie pulsations occur, 
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Fi(.. 97 Pull-out toiquu of ,i l\pi'Ml synchronous inoloi. 

^\hi(•h at standstill may (‘xcaa'd thnn' tinu's rated loiapK*. The stator 
currc'Tit rises <*onsi(k‘rably, and the j)ower faef()r beeonu's lagging. 
To ))revent damage to the motor and driven inarhinery, fu^ld (*x(‘ita- 
tion sliould be removed as quickly as possi))le wIh'ii a synchronous 
motor falls out of st(‘p. 

AVhethcr or not the motor should also be disconnect( mI from the 
lin{‘ deiTcnds on the cliaracter of the load. It tlu* overload is likc'ly to 
he of short duration, the motor may rtmiain connc'cded to the line 
^\ith field excitation removed. It will continue to operate as an in- 
duetion motor, mid if the load drops to a siiflic‘iently low value, it may 
re^ynchronize. During such operation as an induction motor, rare 
must be taken to protect the sciuirrel cage winding on the rotor against 
nverheating, and the motor must be di^coniu‘ct(‘d from the line if the 
^F^piirrel cage winding reaches its permissible teinjx'rature rise. 

The pull-out tonpie of a given motor varies with its field c'xcitation. 
It increases as the field current is inen^ased. The lo\v(‘r curve of Fig. 
97 is the steady state pull-out cliaracteristic of a tyjiicul synchronous 
uiotor, plotted versus fi(‘ld current. Pull-out tor(|m‘, as given by that 
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curve, is obtaincfl when the load torque is raised gradually until the 
point is reached at which the motor loses synchronism. 

If an overload is apj)lied suddenly to the motor, it can develop a 
much higher j)uJl-out toique for a short ])eriod of time than the steady 
state pull-out cltnniciensile indienics. The so-called transient pull¬ 
out torque, that is, the ninxinium instniiLaneous torque peak the motor 
can stand without j)ulling out of step, is giv(‘n hy the uj)per curve in 
Fig. 97. This transi(‘nt ])uIl-out torque is caused by the inherent 
sIuggishnesH of the magnetic circuit of tlic motor. If the load is iri- 
ereased, tlie demagn(*tizirig action of th(‘ stator load current reduces 
the flux linkages l)(‘tw(*(‘n tlu* stator and the rotor and causes an in- 
creas(' in the angle of displaecancuit between rotor and stator poles. 
This action cannot take place instantly. Thus the motor develops 
a higluT pull-out torcpic than the steady state value, until the demag- 
iK'tizing action of tli(‘ stiitor load current has takcni eflV'ct. The time 
involv(Ml is about a s(‘cond or a substantial fraction thereof. 

If a motor is subj(‘ct(‘d to sudd(‘idy applii'd nuctuating overloads, 
it can carry higher overloads than its steady stat(‘ j)ull-out chara(*t(‘r- 
istic indicat(‘s, if tlu* excitation system ])ermits a rapid increase in field 
curnait upon the occurrence* of an ovi'rload. (iui(‘k r(‘s]K)nse exciters, 
such as th(‘ ainplidyiu*, arc* well suited for such aj^j^licatiuns. 

Power Factor Correction 

Stator current and |)ower factor of a synchronous motor vary with 
field excitation. In Fig. PS the stator current is plottc'd vc'rsus fii'ld 
currc'nt for various amounts of load. Because* of their pc'culiar sha])e, 
thc'se curves are called V-e*urve*s. Fe)r a give*n loael, the stator e*urrent 
is ininimuin and the ])e)we*r facte)r is unity at a e*e*rtain fic'lel current. 
If the fit'lel currt'iit is increasc'd, the pe)wc*r factor is leading. If the 
lielei curre*nt is de*cre*as(‘(b the power fae*te)r is lagging. The broken 
line connects points e)f tinity i)e)W’er facteu’. In the region to the right, 
tlu* power facte)!’ is leading, and te) the le*ft it is lagging. 

Stanelard synchre)ne)us inote)rs are usually ratc'd to carry full load 
at unity j)owe’r facte)r eir at O.S leaeling pe)W’e'r fae‘te)r. Synchronous 
motors can be use*d ne)t e)idy to carry a use*ful le)ad but also at the 
same time te) ge'iierate re*active kva whie*h imi)re)ves the pow’cr facte)r 
e^f the* supply syste*ni. If the nu'e*hanie*al load e)n the* nie)te»r is not con¬ 
stant, the exc'itatie)!! system can be arrange'el se) that field current 
varies as a fune*tion of load anel se) tliat the me)tor either e)jH*rates over 
its load range at a constant })ower factor or supplies constant reactive 
power to the supply system. 
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Kid. 98. V-curves oi* ti tyincul ^ynl*llrono^l^ lahtl al 1.0 l.u’tor, 
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DIRECT-CURRENT CONTACTORS AND RELAYS 

NEMA defines a ina^netie contactor as a device, aclnattMl by elec- 
lroinaj?netic means, for establishing aiui interrupting an electric power 
circuit reiieatedly. Piincipal parts of a contactor are the electro¬ 
magnet, the contacts, and, if reejuired. the blowout structure. As coni- 
])ared with circuit breakers, contactors have only a r.uxlerate int^ r- 
rupting capacity since protection of a ])ow('r systi'iu is not the princi¬ 
pal consideration in their design. C'ontaidors are desigiu'd to handle 
motor circuits and their contingent overloads, and tluw must be able 
to jierform a large nuinlx'r of ch>sing and optaiing operation* v itiiout 
attendance. ^^dl(Teas a circuit breaker must be pivpared to intv'rrupt 
high short-circuit currents a few times during its liiVtinu', a ciaitactor 
interrupts its ratevl current and moderate* oveadoads a great many 
times. The life* of a circuit breaki'r is nuaisured in terms of thou¬ 
sands of operations, whereas tlie life of a c(Mitactor is measur(‘d in 
tea-ms of milliems of o])eratiems. 

A re*lay is defined by NKMA as a de‘vie‘e‘ ope'iateMl by a variatie>n 
in the characteristics of eiiu* electric circuit to (dfe'ct the eiperation of 
other de'vices in tlie* same* eir in amdhe-r edictric circuit. Itedays may 
he (k'signed to re‘sj)ond to voltage*, current, sj)e*e*d. dire-ction of current, 
and the like. Thew may be usexl to obtain a specific jM‘rformance, 
such as scfjuencing, or to ]>roduce a tina* de'lay. l)(‘pending on the 
application, the jirimary cemside-ration in the* design of a re-lay may be 
accuracy of re’sponse, e-ase* of adjustine-nt. long life, or a c(»ml)ination 
of all three. Control redays dilTer freim switchge-ar n^lays in that the 
ie*(iuire‘ments of aea-uracy of their response* are not epiite so (‘xacting, 
hut greater emphasis is placeal on ability to ejperate* many time's in 
rapid succession and to perform many e)j)e'rations without any at- 
ti'udance. 

Advantages of Magnetic Control 

The principal advantages eif magne'tie' ('ontre)l vitsus manual con¬ 
trol are greater fit'xibility, greate*r saf<*ty, and convenie'iice to the 
operator. 


11.5 
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If manual control is used for a large motor, the physical location 
of the controller presents a problem. Locating the controller close to 
the motor permits the shortest runs of heavy power leads. However, 
this may be a very poor location from the operator’s point of view, 
making it difficult to observe and operate the machine. Placing the 
controller away from the motor re(piires long runs of heavy power 
cables. Nlagiu'tic control, on the otluT hand, i)ermits installing the 
pow(‘r contactors close to the motor, whereas the actuating control 
devices, recjuiring only small-siz(‘ control wiring, can be located away 
from the motor in a position most convenient to the operator. 

^lany industrial applications, such as rolling mills, processing lines, 
movaljle bridgt's, and roller hearth furnaces, involve the use of a 
number of motors that must be controlled by a single operator at a 
work station, from which he can observe and supervise all parts of the 
installations With magnetic control, a large number of y)ilot devices 
can be consolidat(‘d in a small space, greatly reducing the physical and 
mental effort nec(*ssary to operate a large and complicated piece of 
machinery. With magncdic control it is easy to interlock various 
operations of a multi-motor drive' so that different motions can be 
IH'rfornu'd only in their j)rop(*r seejuence, preventing false starts with 
their inhe'rcnt danger to life and limbs of the oi)erator. 

Many industrial processes reejuin' automatic oi)eration of motors as 
a function of (juantilies measured by delicate instruments. The small 
amount of control jiower reejuired to actuate contactors can be 
handled by {)ilot devices responsive to oi)erating signals, whereas it 
would be impossible for pilot devices to control motor circuits directly. 
As an example, consider an electric furnace. A delicate temperature- 
sensitive instrunu'iit, with the help of contactors, maintains furnace 
temperature much more accurately than manual control ever could. 

When magnetic control is used, the operator is physically remote 
from ])ovver circuits and contacts which oj)en j)ower arcs. This dis¬ 
tance minimizes the danger of oi)erators coming in accidental contact 
with live parts or being exposed to power arcs and flashes. When 
high-voltage motors are started and stopped freciuently, magnetic 
contactors are the only means to control such motors without danger 
to the operating personnel. 

An im]K)rtant advantage of magnetic control is the ease with which 
the performance of the motor and the driven machinery can be ad¬ 
justed and maintained, independent of the skill of the operator. Cur¬ 
rent and torcjue peaks can be limited, thus avoiding unnecessary wear 
and tear which mav be caused bv a manual controller in the hands of 
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an unskilled operator. The result is a reduction in maintenance re¬ 
quired on both the motor and the controllcT. 

Shunt Contactors ^ 

Shown in Fig 99 is a typical single-pole contactor, representative 
of d-c contactors of 100-anipere and higher rating. As the great ma- 



Fig. 99. Typical fcmgle-polc, d-c mill tyi)o contactor 


jority of ai)plications call for single-pole contactors on (l-(* motors, 
the single-pole form is most w'idely used. If an application recpiircs 
several poles to ojierate siinultaneoiisly, two or more singh'-pole con¬ 
tactors, ()])erating as a unit, are used. 

The magnetic circuit of the contactor consists of a ‘stationary frame 
and a moving armature. The material is soft steel \\ith high per¬ 
meability and low coercive force. AVhen the coil is (*xcited, the arma¬ 
ture is attracted by the part of the frame which forms the core of the 
Tlie magnetic pull must be sufficient to close the armature 
against contact spring pressure. When tlie coil is de-energized, the 
armature drops opvn. To prevent the armature from b(‘ing held in 
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by residual magnetism, a sliirn of non-magnctic material is provided in 
the magnetie oireuit. 

The coil consists of a lai-ge number of turns of fine wire. Each coil 
is rated in terms of voltage* of the control circuit for which the coil 
is design(‘d. Ck)il current eepials coil voltage, divided by coil resist¬ 
ance. The resultant ampere-turns produce sufficient magnetic pull to 
close the armature. A IKE Standards for Industrial (Control Appa¬ 
ratus specify that coils must perform satisfactorily between 80 and 
120 per cent of rated control voltage. This specification means that 
with 120 ])er cent of rated control voltage ajiplied, coils must not 
overheat when continuously energized. The permissible tempera¬ 
ture rise is between 50 and 85 C, by thermometer, or between 70 and 
105 C' by resistance mc'thod, dejiending on the character of the organic 
and inorganic matcTial in the coil insulation. When coils are hot, 
their r(‘sistance incn'ases, and with 80 p(‘r cent of rated control voltage 
applied, they must develop sufTicic'nt pull to close the armature. To 
compensate for tlu* rise in coil resistance when hot (allowing for a 
rise of 27 jier cent in coil resistance), contactors are tested with cold 
coils at 03 fier c(‘nt of rat(‘d voltage. 

A contactor coil possess(*s not only resistance but also a consider¬ 
able amount of inductance. Tin* b(‘havior of a contactor coil, when 
voltage is ajijilied to it or when the coil current is interrupted, is 
similar to the Ix'havior of the shunt fi(‘ld of a d-c motor. When the 
coil current of a contactor is interrupted, tlie voltage across the coil 
terminals may rise to as much as fift(*en times normal control voltage. 
This possibility must be considered in the design of tlie coil insulation. 
The effect of coil inductance* on closing and opening ]ierformance of a 
contactor is discussed later in this chapter. 

The armature carries the movable contact tip which, when the 
armature is cIoscmI, makes a butt contact with tlu’ stationary contact 
tip, which is supported from the panel or from the stationary portion 
of the contactor. To insure good contact between stationary and mov¬ 
able contact tips, the m(»vable contact is backed by a spring, and the 
armature must have sufficient jnill to close the contact tips and to 
compress the contact spring. The movement of the armature from 
the j)osition at which the contacts just touch to the position at which 
the contact sjwing is fully compn'ssed would cause the contacts to 
overlap if the stationary contact did not stop the movable contact. 
This extra motion, measured at the tijis, is called the wi'pe. Contact 
spring pressure and wipe are specific design characteristics of each 
type of contactor. They should be checked periodically in service 
to insure that contactors perform satisfactorily. 
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Contact tips are shajK*d so that, upon closing, they touch near the 
middle or near their upper ends* While the contact spring is coin- 
pressed, they go through a sliding and roiling motion, and final 
contact is made near the base of the tip^, insuring that tlie contacts 
clean themselves every time they close. Wlien the contact tips first 
touch, there may be a slight amount of bouncing witli a tendency 
for tiny arcs to lorm, wliich may cause welding. The rolling motion 
serves to break up any spots whicli may have fused togetlier. When 
tlie contacts open, they go through a reverse motion. Thus the lower 
contact portion only carries current, whereas tlie upper contact por¬ 
tion interrupts current and takes the burning which accompanies arc¬ 
ing, tliereby keeping the current-carrying portion of the contacts 
comparatively clean. On large contactors two separate sets of con¬ 
tact tips are often provided. One set, which closes U\s\ and opens 
first, only carries current. The other set, which closes firsi and opens 
last, interru{)ts the current and takes the arcing. 

The most widely used contact material is copper, which is ‘‘rMnomi- 
cal and has satisfactory resistance to arc erosion. Oo})])er however, 
has one important tlisadvantagt' as a conlact mat(‘riai; its oxide is an 
insulator. If it forms, it increases contact resistanc(‘ and causes (n'er- 
heating. ('ontactors which stay closed for long periods of time arc 
e(pii|)i)cd with contacts having silver inserts wielded or brazed to the 
copper tips, for carrying current. Silver oxide is a conductor, and it 
is soon re<lucc(l to silver by any heating that is due* to its pr(‘scncc. 
However, silver has poorer meehanieal wearing (jualities than copper 
and less resistanc(‘ to tuc erosion. Silver is not suitable for contacts 
which open freciuently and are subjected to considerable arcing. 

A\'hcn contactors hav<‘ to close frecjiiently on higli inrush currents, 
special alloy tips are uscmI at times to obtain better non-welding 
(lualities. The base metal is silver, to which various other metals 
are added. Because carbon possesses tin* best non-welding qualities 
of all contact materials, it was us(‘d extensively in lh(‘ past as tip 
material. However, its use has decreased gr(*atly because carbon 
contacts are mcclianically weak and subject to l)r(*akag(*. Occasion¬ 
ally carbon contacts are used where welding must be avoided under 
all circumstanees, to prevemt jmssible loss of life. Sintered materials 
containing carbides of silver or tungsten are sometimes used to in¬ 
crease tip life on contactors subjected to frecpient arc interruptions. 
Because of their greater hfirdm^ss and arc resistance, sintered contact 
tips last longer than either copper or silver tips. Although alloy or 
sintered contacts are .sui)crior in many rcsj)ccts to either copper or 
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plain silver, their use is not widespread because of their relatively 
high cost. 

Coordination of the design of the magnet and of the contacts is 
important to minimize the danger of welding of the contact tips. 
With the armature open, there is a large air gap in the magnetic cir¬ 
cuit, and the coil must devt'lop sufficient pull to accelerate the arma¬ 
ture. As the armature moves, tlie air gap is reduced, and the mag¬ 
netic pull increases st(‘a(lily. When the contacts touch, the load on 
the magnet increases suddenly. Tlic magnet must have sufficient 
pull to compress the contact spring without hesitation and without 
tendency of the movable contact to bounce open. Even a very small 
amount of bouncing may cause an arc to form, and molten particles 
on the movable and stationary contacts may fuse together. Once 
the contacts touch, they must not j^art again during the closing 
operation. Likewise, when the coil is de-energized, the contactor 
armatiir(‘ must drop oi)en without hesitating at the point at which 
the contact s])iing is unloaded, that is, when the contacts unwipc, 
Sluggislim'ss of the armature with the contacts barely touching, with 
no pressure behind them, may cause the ti])s to fuse together. 

Interru])tion of d-c arcs is more difficult than the interruption of 
a-c arcs because the current does not i)ass through zero and a low 
voltage is able to maintain an arc of considerable length. In order 
to extinguish the arc formed upon the opening of the contact tips, 
it may be artificially ('longated by a magnetic blowout field which is 
produced by a copj)er coil, wound on a soft steel or iron core. This 
coil may either be coniu'cted to the control source (shunt blowout) 
or it may carry the load current of the contactor (series blowout). 
The core is comu'cted to blowout shields of magnetic material, located 
so that a magnetic flux is set uj) by the load current, the direction of 
which is ])erp(‘ndicular to the dir(‘ction of contact movement. When 
the contacts part, tlie flux, interacting with the load current, exerts a 
force on the arc which causes it to move up and away from the con¬ 
tact tips, until it is so elongated that line voltage no longer is able 
to sustain the arc, which then extinguishes. Arcing horns are ar¬ 
ranged in such a way that the arc moves from the contact tips onto 
the arcing horns, tluis relieving the eontact ti|)s of some of the burning 
associated with the arcing. Arc chutes, made of non-conducting and 
heat-resisting material, confine the arc and prevent its being blown 
against structural parts of tlie contactor. Restrictions in the arc 
chute are benefi^ual since they cool the are and thus assist in extin¬ 
guishing it. 
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Motor loads are moderately inductive. Standard contactors have 
their series blowouts designed so tliat the coil provides the correct 
number of ampere-turns to extinguish motor load current arcs, and 
the blowout coil carrying capacity is coinmensurate with tlie contactor 
rating. If highly inductive circuits are to be interrupte<l, such as 
shunt fields or shunt brake coils, best results are obtained if a con- 



Fig. 100. Small doul)lr-i)()Ie d-c contaclor with ('loctriral interloi'ks. 

factor is selected, the blowout coil rating f)f wliicli is thrc'c to four 
times the current to be interni])ted. I'lie series blowout field, which 
obtains good arc interruption on a motor circuit, would interrupt 
an inductive circuit so rapidly that tlic arc is likely to Ix'eoine elon¬ 
gated excessively, touching structural })arts outside the arc chute. 
Using a contactor whose blowout coil rating is liighcr than the 
current to be interrui)tcd reduces the blowout fu‘ld strtmgth below 
its normal value and results in slower (‘longation and extinction of 
the arc, which is prcf(Table on field circuits and the like. When 
contactors arc equipped with shunt blowout eoils, wliieli are connected 
to a constant potential source, the flux of the blowout e()il is indc- 
})ondent of load current, and the ampere-turns can be selected so as 
to obtain the best performance for a given load circuit. 
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Small contactors, of less than 100-ampere rating, are often built 
as multi-pole contactors. Figure 100 is a view of a typical small 
contactor, having two poles with blowouts for power circuits and 
several auxiliary poles without blowouts, which are used for con¬ 
trol circuits. 


. 




Fi(j. 101. Normally clo^c(l d-c contactor with arc chute removed. 

Many control uju^licaiions reciuire contactors wdiich are closed by 
spring action when the coil is de-cnergized, and open when the coil 
is energized. Such contactors are called normally closed. On small 
contactors, such as shown in Fig. 100, normally closed poles, with 
or without blowout, are assembled on the same armature as the 
normally open poles. In the larger sizes, above 100 amperes, this 
is not practicable, and normally closed contactors are built as single¬ 
pole units. A typical example is shown in Fig. 101. 
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Rating of Contactors 

The rating of a contactor is determined by its ability to carry its 
rated current for 8 hours (which is equivalent to continuous duty) 
without overheating of any of its parts. The S-hour period was 
selected because contactors attain their ultimate temperature rise 
within that time. NEMA permits a temju'rature rise of 65 C for 
solid contacts. A contactor, when applied to motor loads within its 
rating, must be able to interrui)t power arcs occurring during* regular 
motor duty, including moderate overloads, without undue wear of 
the current-carrying parts and without failure to interrupt the arcs. 
It is not customary to assign an interrupting rating to contactors. 
However, d-c contactors designed for circuit voltages of 600 volts 
or less usually have an interrupting capacity of ten times their norma] 
current rating, and a one-s(‘cond current-carrying capacity of fifteen 
times their normal current rating. 


TABLE 4 

NEMA Continuous D-C ('ontaitor Ratings 


Open 8-Hour 
Rating in 

Corresponding Horsepower hating al 

Amperes 

115 Volts 

Volts 

560 VoUs 

25 

3 

5 


50 

5 

10 

20 

100 

10 

25 

50 

150 

20 

40 

75 

300 

40 

75 

150 

600 

75 

150 

300 


TAliLE 5 

NEMA Mill and Crank 1)-C Contactor Ratings 


H-Hour 

Mill 

Mill Hating 

Rating 

Rating 

Horsepower 

in Amperes 

in Amperes 

at JSO Volts 

100 

133 

35 

150 

2(K) 

55 

300 

400 

110 

600 

800 

225 

900 

1200 

330 

1350 

1800 

500 


NEMA has standardized certain contactor sizes on the basis of 
their 8-hour rating, when installed in the open. In Table 4 standard 
ampere ratings are listed, together with corresponding motor sizes 
in horsepower at various line voltages. 
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On many applications motors are not selected on the basis of their 
continuous rating, but they are applied to duty cycle drives on the 
basis of their intermittent or short-time rating. For steel mill 
auxiliaries and material-handling equipment, such as cranes, inter¬ 
mittently rated motors are generally used. To coordinate motors and 
control for such ap])lications, NEMA has established intermittent or 
mill ratings for contactors of 100-ampere size and larger. The 
intermittent rating of a given-size contactor is arbitrarily set at 1% 
times its continuous rating. In Table 5 the standard mill ratings 
of contactors and the corresfxmding motor horsepower ratings are 
listed. 

Interlocks 

In many control systems it is necessary to close a control circuit 
when a power contactor closes. Likewise, it may be necessary to 

oi)en or lock out a control circuit 
when a power contactor closes. 
For such purposes, auxiliary con¬ 
tacts, called electrical interlocks, 
an* connected to the contactor 
armature. They may be nor¬ 
mally open, that is, they are open 
when the contactor is open and 
they are closed when tlie con¬ 
tactor closes. Conversely, nor¬ 
mally closed interlocks are closed 
when the contactor is dropped 
out and open when the contac¬ 
tor is energized. The contactor 
shown in Fig. 3 is equipped with 
a normally open interlock. Like¬ 
wise, the contactor of Fig. 100 
has a number of electrical inter¬ 
locks wdiich carry no blowouts. Normally open interlocks are located 
at the top center and the bottom left of the contactor armature, and 
a normally closed interlock is at the bottom right. 

Inadvertent simultaneous closing of several contactors, especially 
reversing contactors, must often be prevented to avoid short-circuit¬ 
ing of power lines. Mechanical interlocks are then used between 
pairs of contactors. Shown in Fig. 102 is a pair of d-c contactors 
with a rocker type mechanical interlock between them. As long as 
one contactor is closed, the second contactor is locked out mechani- 



Fio. 102. I’iiir of (i-c contactors, mo- 
ctianically interlocked. 
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cally and prevented from closing, even though its coil may be 
energized. 

The equivalent effect can be obtained by the use of holding coils. 
The contactor shown in Fig. 100 has two magnet coils. The top 
coil is the operating coil which, when energized, causes the contactor 
to close. The bottom coil is the holding coil which, when energized, 
locks the contactor open. In order to interlock a pair of contactors, 
the operating coil of one contactor is connected in series with the 
holding coil of the second contactor. Supj^ose that the first con¬ 
tactor is closed. The holding coil of the seccnul contactor is ener¬ 
gized, and the armature is held against the core of the liolding coil. 
If the operating coil is then energizt'd, its magnetic pull is insufli- 
cient to overcome the i)ull of the holding coil. Thus the contactor is 
prevented from closing. 

Relaying Contactors and Control Relays 

Many controllers used in connection with processing machines and 
multi-motor drives require a considerable aim)unt of interh/cking and 



Fia, 103 . Multi-cirniit control relay with silver button contacts. 
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sequencing. Relays are then required which do not respond to any 
particular electric or mechanical quantity of the drive, but simply 
open or close their contacts, depending on whether or not the coil of 
the relay is energized. Small power contactors of the type as shown 
in Fig. 100 are often used for such purposes, and blowouts and arc 
chutes are omitted because the small amount of power present in 
control circuits does not require any special provision for arc inter¬ 
ruption. 

Where large numbers of contacts are needed on one relay, special 
multi-circuit control relays are available. A typical example is the 
relay shown in Fig. 103. At the top of the armature are the nor¬ 
mally open contacts, and at the bottom arc the normally closed 
contacts. Tlic contact tips consist of silver buttons, and each contact 
introduces two brf‘aks in tlie circuit. Contact spring pressure is 
comparatively high and contact resistance is low. Such relays are 
particularly suitable for use in closed cycle control systems, in which 
contacts often carry only a few milliamperes and the error intro¬ 
duced by high contact resistance may seriously affect the accuracy 
and response of the control system. 

Effect of Contactor Coil Inductance 

Any inductance has the ability to store energy. When the cir¬ 
cuit to the coil of a contactor is interrupted, for instance by a relay 
contact, the en(*rgy stored in the magnetic circuit tries to discharge 
through the arc forming across the relay contacts. As long as the 
coil current is low and the relay contacts have a sufficiently large 
gap, the arc is not sustained for any length of time, and the relay 
contacts break the coil current clean. If, however, the coil current 
is of the order of one ampere or more, an arc of considerable duration 
may form across relay contacts, and they may even fail to break 
the arc. This condition can be remedied by connecting a small 
capacitor of 0.5 to 1 microfarad capacity across the relay contacts 
or across the contactor coil. The capacitor provides a discharge 
circuit for the magnetic energy stored in the contactor coil and 
reduces the arcing of the relay contacts effectively. 

It is illustrated by the oscillograms of Fig. 104. The left-hand 
oscillogram was taken without a capacitor. The relay contacts were 
barely able to interrupt the contactor coil current. The arc duration 
on the relay contacts was 34 milliseconds. The right-hand oscillo¬ 
gram was taken with the same test circuit, except that a 0.5 micro¬ 
farad capacitor was connected in parallel with the relay contact. 
The arc duration was reduced to 2.6 milliseconds. The voltage rise 
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across the relay contacts during current interruption was increased, 
but this increase did not prevent the relay contact from breaking 
the contactor coil current clean. 

The same effect can be obtained by connecting the capacitor in 
parallel with the contactor coil. This method has an important ad¬ 
vantage. An internal short circuit of a capacitor in parallel with 



0.5 MF CAPACITOR 

TEST CIRCUIT 



NO CAPACITOR ACROSS RELAY CONTACTS WITH CAPACITOR ACROSS RELAY CONTACTS 

Fkj. 104. Intemiption of d-c arc without and with capacitor. Trace A: Voltage 
across relay contacts. Trace B: Current thro\igh relay contacts. Trace f’.* 60- 

cycle liming wave. 

the relay contact might cause inadvertent closing of tlie contactor and 
thus a false motor start. Failure of a capacitor in jiarallel with the 
contactor coil would only cause the control power circuit to be short- 
circuited and the control fuses to blow. 

When voltage is applied to a contactor coil, the coil current can¬ 
not rise immediately to its ultimate value as didiTinined by the coil 
resistance. The current builds up gradually according to an expo¬ 
nential curve, as explained in Cliapter 2 in connection with motor 
shunt fields. The speed of current build-up is detcTmined by the 
ratio of inductance to resistance of the coil. This relationship means 
that when the contactor coil is energized, a definite period of time 
elapses before the magnetic pull builds up to a sufficient magnitude 
to cause the armature to close. For small- and medium-size con- 



158 


DIRECT-CURRENT CONTACTORS AND RELAYS 


tactors, up to 150-arnpere rating, the contactor closing time is of the 
order of 0.1 second or less. Up to 600-ampere rating, the closing 
time may be as high as 0.2 second. While such closing times are not 
a serious handicap, they rnu^^t be taken into consideration when ana¬ 
lyzing control operation of fast-duty cycles. 



Fkj. 105 Smglo-polo d-c conti'irtor, rated 2500 amperes. 

Contactor clohing time may become a serious matter when large 
contactors, rated 1000 ampere.s or more, are used. Such a contactor 
is illustrated in Fig. 105. The magnetic circuit has a great mass, and 
two large coils are reciuired to close the contactor. Coil inductance 
is higli as compared with coil resistance. In Fig. 106 oscillograms 
arc shown taken during tests made on a 1500-ampere contactor. 
The upper oscillogram A shows the results of a closing test with coils 
rated for full control circuit voltage. The coil current rises very 
slowdy. Contactor closing time is 0.48 second. The dip in the coil 
current trace is caused by the sudden increase in coil inductance when 
the armature is closing. 
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The time required for tlie contactor to clo!>c can be cut down by 
reducing the time required for the coil current to build up to a 
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C - CONTACTOR WITH HALF VOLTAGE COIL AND CAPACITOR 

Fig. 106. Effect of coil selection on closing time of d-c contactor. 


value suflScient to move the armature. It can be done by decreas¬ 
ing the ratio of inductance to resistance by using coils rated for one 
half control circuit voltage and connecting a resistor in series with 
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them. The middle oscillogram B shows the result of a closing test 
with half voltage coils. Coil current builds up faster, and contactor 
closing time is reduced to 0.33 second. A further reduction in con¬ 
tactor closing time can be obtained by using partial voltage coils and 
connecting a capacitor in i)arallel with the scries resistor. The lower 
oscillogram C was taken with half voltage coils and a capacitor of 
600 microfarads in paralh*! witli the series resistor. The capacitor 
admits a high initial inrush current through the coil, which results 
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Fig. 107. J^KTccI ol slumt h'' islanci* on diup-ovit time of d-e contactor. 

in a furtlier increase in (he ^peed of current build-up. C^mtactor 
closing time is reduced to 0.23 second. 

Coil inductance can be utdizecl to obtain a sliglit delay in the 
opening time of a contactor, ^^hich at times is d(‘sirable in order to 
overlap contactors in a control se(|U(*nce. Connecting resistance in 
parallel with the contactor coil provnles a discharge jiath. AVhen 
the coil is de-energized by opening tlie control circuit, the coil cur¬ 
rent decays according to an ex|)onential function. The time constant 
varies inversely ^^ith the amount of resi>tan(‘e in shunt with the 
contactor coil. Slow decay of coil current corresponds to slow decay 
of flux, which delays the ojiening of tiie contactor armature. In Fig. 
107 the results of opening tests on a single-pole contactor are plotted. 
Caro must lx* taken not to um' too low an amount of coil shunting 
resistance. If the tlux decay is too slow, the armature hesitates at 
the point at which the contact sjiring is unloaded, with the resultant 
danger of freezing the contact tips. 
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Contactor opening time is influenced by tlie condition of the con¬ 
tact tips. W ith w(»rn tips, wipe and contact spring pressure are 
reduced. When the coil current i> interrupted, the flux must decay 
to a lower value before the contacts start to move and the accelera¬ 
tion imparted to the armature by tb.* contact springs is reduced, 
thus resulting in slower drop-out. The up])er curve in Fig. 107 
indicates the increase in contactor opcaiimr tune with tips worn to 
one half tlieir original thickness, as com})ared with new ti])S. 

Magnetic Time Delay Relays 

(Gradual decay of flux provides a simple way to obtain controlled 
time delay drop-out. Rhown in Fig. lOS i-. a r(‘lay which obtains 



Fig. 108, Magnetic time delay relay for short time delays. 


time delays up to 1,5 seconds. The magmdic circuit consists of soft 
i'tecd and the armature gaj) i^ iirojxirtioned *^0 tliat, with the armature 
open, coil inductance is low. When the coil is eiKTgizcd, its coil cur¬ 
rent builds up rapidly and the armature closi's fast. Inside the coil 
there is a copper jacket which is slipjxMl over the core. This cojiper 
jacket acts like a single-turn short-circuited coil. When the relay 
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coil is de-energized, the decay of flux induces a voltage in the copper 
jacket, and current flows in the copper jacket in a direction to main- 



A B C 


Fig 109 Time delay drop-out of d-c magnetic time delay relay. 

tain flux The decay of flux is delayed, resulting in delayed opening 
of the lelay ai mature 



I iCi 110 Miigiietic time delay relays for long-time delays. 


The effect of the copper jacket is illustrated in Fig 109. The left- 
hand picture A shows the condition winch exists after the coil has 
been connected to the control source for some time. Current flows 
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in the coil, but no current flows in the copper jacket. Magnetic 
flux is at normal strength. The relay armature is closed. The 
middle picture B shows what happens after,the coil circuit has been 
interrupted. No current flows in the coil, but current flows in the 
copper jacket. The flux is decreasing at a rate just sufficient to 
maintain current in the jacket, and the relay armature is still closed. 
After a further interval of time, the condition exists which is shown 
in the right-hand picture C. The current in the copper jacket and 
the flux have decayed to such a low value that the armature cannot 
be held in the closed position. 

The same effect of time delay drop-out can be obtained without a 
copper jacket if the relay is de-energized by short-circuiting its coil 
The coil then acts as its own discharge resistor, and coil current ami 
flux decay gradually. Longer time delays, up to 7 seconds, can be 
obtained with somewhat larger relays having a huyov coil and 
greater mass in their magnetic circuit. Several such relays, mounted 
on a control panel, are shown in Fig. 110. 

Magnetic time delay drop-out relays as described above are us(*d 
for timing control sequences and for timing acceleration. The 
amount of time delay can be ad¬ 
justed by varying the pressure of 
the armature spring and by using 
non-magnetic shims of different 
thickness between the armature and 
the magnet core. 

Definite Time Accelerating Contac¬ 
tors 

The function of an accelerating 
contactor and a definite time relay 
can be combined in one device. The 
accelerating contactor of Fig. Ill 
has a frame similar to a magnetic 
time delay relay. The coil is copi>er 
jacketed. The armature carries a 
heavy contact tip which closes when 
the armature is dropped out. Such 
contactors are used to short-circuit 
flections of motor-starting resistors. This type of contactor is used 
only to close a circuit as it is not suited for interruption of current. 
A time delay of 1 to 1^4 seconds can be obtained. 



Fk;. 111. AcrrlrrutinK contactor 
with inherent time delay drop-out. 
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Time Delay Relays with Capacitor Discharge ^ 

With the perfection of electrolytic capacitors for low voltages, 
it has become possible to obtain capacitors of several hundred micro¬ 
farads in sufficiently small units to make them suitable for use in 
control circuits. A capacitor has the ability to store energy. The 
energy stored in a capacitor is 


~2 


(55)# 


where E = ston'd ('ru'rgy in watt seconds, 

= cai)acitarice in microfarads, 

V = ai)plied voltage in volts. 

This stored enf'igy can h(' used to ol)tain time delay drop-out of a 
relay by discharging th(' capacitor through the coil of the relay. 

Oonsider the circuit shown in upp(*r sketch A of Fig. 112. A capaci¬ 
tor, in sc'ries with a n'si^lor, is connc'cted in parallel with the coil of 
the relay. In this circuit 

R = total resistanc(‘ in ohms (coil plus external resistance), 

L = inductance of rc'lay coil in h(*nrys, 

C = capacitance of cajiacitor in microfarads. 

If a voltage is appli(*d to this cin'uit, or if voltage' is removed from 
it, a transient current ilows which is superimi)osed to the steady state 
current. d"lie nature of tlu' transic'iit current may or may not be oscil¬ 
latory, dept'uding on th(' relatieai Ix'tweH’ii and (luotieiit L/C. The 
transient current is not oscillatory, if 


R- > 


\L 


(56) • 


As long as this condition is satisfied, the transient current through the 
capacitor follows an expoTU'ntial (‘urve. 

If the control switch in skedch A is closc'd and voltage V is applied 
to the rc'lay coil, the cliargiiig current i through the capacitor, as a 
function of time t, is gi\’en by tlu' eepiation 


-t 

Ri ^ 


(57) • 


This charging current is plotted in sketch B of Fig. 112. Its initial 
peak value is determined by applied voltage divided by resistance 
in series wuth the capacitor. Decay of the current is determined by 
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time constant EC10~^. The broken curve is the voltage across the 
capacitor, wiiich is a measure of energy stored in the capacitor as a 
function of time. 

When the control switch is opened, a discharge current flows from 
the capacitor tlirough the relay coil. To plot discharge current i as 
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C-CAPACITOR TIMING CIRCUIT FOR LONG TIME DELAYS 
Fid. 112. Tunc ticluy tliDp-oiil by cupucitor <li'-clinrp:o. 


a fimction of time, it is ]iorini.'-sil)lo to roil iiidiirtancc L. 

As coil resistance is usually iiiucli sinaller than resistance /i^i, it is 
also jicrmissible to neglect coil n^i.^taiicc. 'JHie eiiuation for the dis¬ 
charge current becomes 




(58)# 


The discharge current is of equal magnitude but opposite direction 
from the charging current. The discharge current holds the relay 
armature closed until it has decayed to a sufficiently low value to 
permit the relay armature to open. 
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The time required for the discharge current to decay is increased 
by increasing resistance Ri, However, increasing Ri decreases the 
initial discharge current peak. Knowing the current at which the 
relay drops out, a combination of Ri and C can be determined which 
obtains the desired drop-out time after the opening of the control 
switch. After such a calculation, the chosen amount of C must be 
checked to make certain tliat 4L/C^0~*^ is smaller than 

When the circuit in accordance with sketch A is used, it must be 
considered that it takes as long a time to build up the charge on the 
capacitor to its full value as it takes the discharge current to decay 
to zero. Full time delay on drop-out can be obtained only if suffi¬ 
cient time has h(‘en allowed for the capacitor to be fully charged 
before the control switch is opened again. When long time delays 
arc required, say 30 seconds or more, the control sequence may not 
p(*rmit such a long time to charge the capacitor. The circuit shown 
in sketch T of Fig. 112 overcomes this difficulty. The resistance in 
series with tlie capacitor is divided into two sections, i?i and i? 2 - The 
total resistance R\ 4- ife> chosen large enough to obtain the desired 
time delay on relay drop-out. R* is made small but of sufficient 
magnitude so that the initial capacitor charging current docs not 
damage the control switch contacts. The remaining resistance R\ 
is short-circuited by a normally closed contact of the relay. When 
the control switch is closed, high current flows through the capacitor 
and charges it fast, \\dien the relay closes, additional resistance is 
inserted, after the capacitor has already been charged very nearly 
to its ultimate charge. Thus a substantial jiortion of the calculated 
time delay is obtained if the control switch is opened very soon 
after the relay has j)ick(*d up. 

Voltage and Current Relays 

Many control applications require relays that respond to either 
voltage or current in order to initiate a control seciuence as a func¬ 
tion of circuit conditions. For instance, the emf of a d-c motor is 
a measure of motor sjH'ed, and so is the voltage generated by a 
tachometer generator. A relay which opens or closes at a certain 
voltage can be used to furnish a control impulse as a function of 
speed. A current relay, closing or opening as a function of armature 
current of a motor, may initiate a control sequence as a function of 
motor load. 

As far as the relay is concerned, the closing of its armature is 
governed by the magnitude of its flux, which in turn is determined 
by the ampere-turns of the relay coil. The same relay may be used 
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either as a voltage or as a current responsive relay, by placing either 
a high turn, low current, or a low turn, high current coil on its core. 

The time delay relay of Fig. 108 can be used readily as a voltage 
or current relay by omitting the copper jacket, which eliminates the 
time delay feature. By varying armature gap and armature spring 
pressure, pick-up and drop-out of the relay can be adjusted over a 





Fig. 113. Voltage relay with high ratio of drop-oiil to pi(*k-iip. 

wide range. There is one limitation. As the magiK’tic circuit 
through the armature has a large cross section and there is only a 
small air gap between core and armature when the relay is picked up, 
the drop-out value is always appreciably lower than the pick-up 
value. This difference is no di‘«udvantage on many applications, 
l)ut there are cases in wdiich it is desired to droji out the relay as 
close as possible to its pick-up value. It can be done by using a 
relay with a light armature and a magnetic circuit which provides 
for a substantial air gap when the relay armature is closed. Thus 
the flux required to close the armature is only slightly greater than 
the flux required to hold the relay closed. In Fig. 113 a high drop¬ 
out relay is shown. 
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Pneumatic Contactors^ 

When motors larger than 225 hp at 230 volts are used, adjustable- 
voltage control IS generally applied and small contactors, switching 
field circuits, perform the required control functions. Occasions arise, 
however, especially in connection with drives installed on moving 



lie 111 Aii-c)p< 1 it(il (onlutoi, ritnl 2500 aniptus, with arc clmtc unio\c(l 

structuies such ii^ car duinpcis or ore budges, \\hen the motor gen¬ 
erator sets lueessary for adlustahlc-^oltagc control cannot be ac- 
coinmodatc'd Thc'ii it is nccessaiv to build iheo^static controllers 
with contactois lated 1500 ainpcTcs oi highei for switching line and 
resistor connections \ir-oiHrated contac tors otter certain advantages 
for such applications 

Shown in Fig 114 is an air-operated contactor, rated 2500 amperes. 
The arc chute is lenioved, to expose contacts and blowouts Two 
inbiilated side nuunbeis caiiv the stationar\ contact The movable 
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contact, pivoted to the side member, is actuated by an air cylinder 
through an insulated piston. A magnet valve, when energized, 
admits air to the cylinder. The piston closes the contactor and 
holds it closed against the j)ressure of a spring. De-cnergizing the 
magnet valve cuts off the air supply from the cylinder, and the 
^pring opens the contactor. By inverting the cylinder, a normally 
closed contactor can be obtained, the contacts of whicii ojk'II when 
air is admitted to the cylinder and close by spring action. 

An air supply with a pressure between 65 and 90 pounds per 
Mpiare inch can be used for operating such contactors. Tlie amount 
of air required depends on the number of contactors and the fre- 
quenc}" of operation. On a recent car dumper installation a 10-cuhic- 
fcct-])er-minute compressor was found adequate for o])erating twenty- 
six 1500-ampere contactors and two 8000-ft-Ih air-operated brakes. 
AVhen an air-ojieratc'd contactor installation is ])lannc(h can* must he 
taken to insure a continuous and reliable air siqiply. Pneuinatie con¬ 
trol can operate successfully in the winter tinu* only if the air lines 
can he kept from freezing. 

The advantages of pneumatic contact(»rs, which make their use 
desirable in sizes of 1500 am])eres or above, are: 

1. They can be built more compact tlian magnetic contactors of 
equal size, thus saving space and weight. 

2. Thc}^ respond fast to control imj)idscs, their closing time being 
less than 0.1 second with air pressures varying hclweeii GO and 
80 pounds per square incli. 

3. The control current tak(*ii by the magiu‘t valve is I(‘ss than 0.05 
ampere at 230 volts, which greatly rclit‘vcs the duty on control 
contacts. 
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CHAPTER 5 


ALTERNATING-CURRENT CONTACTORS AND RELAYS 

A-c contactors and relays do not differ basically from d-c devices, 
except construction details governed by the nature of a-c-mag- 
iK'tio structures. The principal differences between a-c and d-c 
devices are found in the magnet and the blowout. Whereas d-c 
magnets consist of solid steel, a-c magnets are made of thin insu¬ 
lated laminations, to reduce the iron losses due to eddy currents. 

A-c motor controllers re(iuire mostly multi-pole contactors, both 
for motor primary and secondary circuits. Standard a-c contactors 
are generally design(‘d so that a multiplicity of poles can be accom¬ 
modated without clianging the basic design of a given type of con¬ 
tactors. Up to five poles may be required for pole-changing motors 
or for auto-transformer starters. 

Alternating-Current Magnets 

The three types of a-c magnets in gcmeral use are illustrated in a 
schematic manner in Fig. llo. The C magnet resembles a d-c magnet 
most closely. The stationary core extends through the coil, and the 
moving armature is entirely out.side the coil. The E magnet has a 
three-legged core. The moving armature extends partly into the 
coil. The solenoid has a stationary frame, and the core is a movable 
plunger which is drawn into the coil. The first two types of magnets 
are generally used on contactors of medium and large size. Solenoids 
are mostly applied to small contactors and relays. 

AMiereas the current drawn by a d-c magnet coil is equal to 
applied control voltage divided by coil resistance, the current of an 
a-c magnet coil is determined by control voltage and coil impedance. 
When the magnet is clo.sed, the coil impedance consists largely of 
reactance, and resistance is only a small fraction of the reactance. 
Since reactance varies with frequency, coil design must consider both 
voltage and frequency. The magnetizing coil current varies as the 
ratio of voltage to frequency, and the same coil can be used for 
various voltages, provided voltage and frequency vary at the same 
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ratio. For instance, a 110-volt, 25-cycle coil can be used on a 220- 
volt, 50-cycIe control circuit. 

When the magnet armature is open, the coil impedance is much 
smaller than when the armature is closed. The large air gap in the 
magnetic circuit reduces the coil reactance to a very small value so 
that the coil impedance is practically equal to the coil resistance. 
When a magnet coil is connected to the control circuit, the initial 
inrush current is much higher than the ultimate coil current. As 
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tlu* armature moves, the air gaj) is reduced, and the coil impedance 
increases because the coil reactance increases. The coil current 
drojis until magnetizing current flows when the armature is sealed. 
Depending on the size and design of the magnet, the ratio of inrush 
current to magnetizing current varies over (piite a range. Sohmoids 
have lowest inrush currents of about five times magnetizing current. 
K magnets have the highest inrush current, which may be as high as 
fifteen times magnetizing current. C magnets lie in between. 

Standard a-c magnet coils are designed so that th(‘ contactor closes 
with control voltage 15 iier cent below normal, and the coil does not 
overheat if control voltage rises 10 per cent above normal. When a 
controller requires long control leads between the control source and 
contactor coils, it is necessary to check the voltage drop in the leads to 
make certain that not less than 85 per cent of normal voltage is 
available at the coil terminals when inrush current flows. When 
circuits of great length between control contacts and coils are in¬ 
volved, say 1000 feet or more, the capacitance of the lead wires may 
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become so great as to maintain voltage across the coils of small 
contactors or relays for a period of time, so that the contactors drop 
out sluggishly, or not at all, when the control circuit is interrupted. 
This condition can be remedied by connecting resistance in parallel 
with each coil, providing a path through which the capacitive charge 
of the lead wires may discharge. 

If inrush current is permitted to flow through a contactor coil 
for a prolonged period of time, the coil overheats rapidly and burns 
out. T]ie s(*aling surfaces of magnets must be kept clean so that 
the armature closes tightly, without any air gap left in the magnetic 
circ\iit; otherwise the current exceeds the rated current of the coil. 
When mechanical interlocks arc used between a-c contactors, control 
circuits must be designed so as to make it impossible to energize 
the coil of a contactor that is mechanically locked out. 

Solenoids, the most efficient type of magnet, are used mostly on 
small contactors and relays. On such devices it is desirable to keep 
inrush and magnetizing currents as low as possible so that pilot 
devices with limited contact capacity can be used to open and close 
their coil circuits. Large solenoids become rather bulky, and they 
do not l(‘nd themselves readily to use on larger contactors, for which 
C and K magiu'ts are j)referred. The principal difference in per- 
foririance between thest* two forms of magiuds is that an E magnet 
has a higher initial closing pull, but a lower sealing pull, than a C 
magnet of corresponding size. 

With alternating current flowing through a magnet coil, current 
and flux j)ass through zero twice every cycle, and the magnet tends 
to open upon each flux reversal. This condition would result in 
chattering of tlie magm't, and larger contactors would become very 
noisy, ('oustant vibration would soon cause the laminated magnet 
structure to fall to i)ieces. Chattering can be avoided by the use of 
an auxiliary coil, the so-called shading coil, imlxalded in the pole face 
of the magnet. The action of the shading coil is illustrated by the 
lower sketch in Fig. 115. A shading coil is a short-circuited loop of 
conducting material in which alternating current is induced by the 
main flux. It may either be a punching or be formed of wire. Re¬ 
sistance and reactance of the shading coil are so proportioned that 
the current induced in it is approximately 120 degrees out of phase 
with the main flux. Whenever the main flux passes through zero 
there is an auxiliary flux supplied by the shading coil which holds 
the armature closed. Tlie breaking of a shading coil becomes imme¬ 
diately noticeable by increased contactor noise. It should be re¬ 
placed at once to avoid jmssible damage to the magnet structure. 
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Low-Voltage Contactors (600 Volts and Less) ^ 

There are two commonly used styles of low-volt age a-c contactors. 
In the smaller sizes, up to NEAIA size 3, the vertical lift type has 
gained wide popularity. This type is illustrated in Fig. 116. An E 
iiKignet, or a solenoid, the armature of which moves in a vertical plane, 
carries the movable contact structure. Each pole consists of a double- 
break bridge type contact. Polos are separated from each other by 



I'lo 116 NEMA size 00 veitical lift type ii-c coni iclor witli 8 polc\ ruled 10 

amixTOb at 600 volts 

insulating barriers. Both normally open and normally closed poles 
are shown. The contactor is bench assemlded as a unit and all 
current-carrying ])arts are insuLated from the magnet frame, which 
IS structurally designed so that the contactor can b(‘ mounted either 
on a metal base or on an insulating base. The advantage of this 
"^yle of eontaetor is its compactness, re(iuiring l(‘ss sj)ace than the 
former design with shaft and magnet on the side. There are few 
wearing parts, no pins and bearings, and long mechanical life is, 
obtained. 

No blowouts are provided. In a-c circuits current passes through 
z(To twice every cycle, making it easier to interrupt a-c arcs than 
d-c arcs. When the contacts start to part, an arc forms across the 
fontact tips. When the current passes through zero, the arc extin- 
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guishes. If the contact tips have parted a sufficient distance, it deep 
not strike again. As long as the energy dissipated in the arc is 
moderate, a short gap between contacts suffices to extinguish the arc 
Contactors w^ithout blowouts have been built successfully for current 
ratings up to 100 amperes. 

With large-size contactors, the amount of energy dissipated in the 
arc becomes too great to pernjit extinction without blowouts. As 
the vortical lift type contactor described above does not lend itself 



FifJ. 117 NEMA S170 4 tnplo-polo .a-c contactor with clapper magnet 

easily to the use of blowouts, larger contactors, in the 50- to 1000- 
ainpcre sizes, are usually built with a shaft and a magnet on the 
side. Th(* magnet armature is connected to the rotating shaft, which 
in turn carries the movable contacts. Figure 117 illustrates this 
type of contactor, which is a self-contained unit suitable for individ¬ 
ual or panel mounting. The blow’outs are similar to the blowouts of 
d-c contactors, exeejit that the iron cores of the blow-out coils are 
laminated. The arc chutes, which confine the arc wdiile it is being 
interrupted, are efiuipped m this case with labyrinth-like restrictions 
which cool the arc. When such contactors are used as secondary 
accelerating contactors for w'ound rotor motors, and if they close 
but do not open under current, blow-outs and arc chutes are omitted. 

Electrical interlocks, operating simultaneously with the main power 
contacts, can be added to both types of contactors. Mechanical 
interlocks are used to prevent simultaneous closing of a pair of con- 
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tactors, such as reversing contactors. Vertical lift contactors are 
mounted side by side, with a horizontal interlock between them. In 
shaft type contactors, the preferred arrangement is to mount con¬ 
tactors above each other with a vertical mechanical interlock be¬ 
tween them. 

With large contactors, it becomes difficult to build satisfactory 
a-c magnets. The shock of the heavy armature closing on the 
huuinuted inagret frame causes the edges of the laminations to spread 



Fig. 118. NEMA mzo 5 tnplo-j)ol(' a-c contactor with d-c iiia;;iH‘t. 

and “mushroom.^’ A solid niat'iKd, rxeitod by direct current, has 
inherently a lonj^cr mechanical life than a laminated a-c map:net. 
Thus lar^^e contactors are built with d-c mai^nets. This construction 
!■> used most often for contactors rat(‘d 000 amperes or higher, and 
it can be obtained optionally for smaller ratin{ 2 ;s. In addition to 
ItMiger mechanical life, d-c magnets have the advantagt* tliat they 
jiresent no noise problems. 

Shown in Fig. IIS is a NEAIA size 5 triple-])oh* contactor with 
d-c magnet. The arc cliute of one pole is removed to show the con- 
‘^truction details of the contacts, arcing horn, and blowout. The 
magnet consists of two solid soft steel cores and a soft steel frame 
and armature. The magnet is comparatively large and h(‘avy, and 
the coils are designed for eontinuous duty at rated control voltage. 
The contactor shown is suitable for frecpient operation. A saving 
can be made in size and cost of tlie magnet by using a smaller mag¬ 
net with partial voltage coil. With the contactor open, full voltage 
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is applied to the coil so that coil current is sufficiently high to close 
the contactor. AVhen tlie magnet has nearly sealed, a normally 
closed interlock ins(Tts resistance in series with the coil and reduces 
the coil current to such a vahie as to prevent overheating of the coil. 
The use of partial voltage coils and smaller magnets reduces the 
amount of power re(piin‘(l from the control source to maintain mag¬ 
netizing current. It is considered good j)racticc as long as contactors 
are operated infre(ju(‘ntly. On ap})lications reciuiring frequent open¬ 
ing and closing of contactors, the frecjuently applied coil inrush cur¬ 
rent may cause coils to ov(‘rheat. 

When a d-c supi)ly is available in a plant, contactors may be 
operated directly from su(‘h a source.- If no direct current is avail¬ 
able and a large number of contactors is installed, a small motor 
generator set may be tin* most economical means to obtain the neces¬ 
sary control power. AVhen only a f(‘W contactors arc to be operated 
with direct current, small metallic n*ctifiers are a more economical 
d-c source. Such rectifuTs are discuss(‘d in gn'ater detail in the 
next chapter. Although it is not essential It) have a smooth d-c 
ri'ctifier output voltage' for succ<‘>sful contactor operation, half-wave 
rectifiers are to be avoided, as contactors are likely to chatter. Full- 
wave rectifiers are })referred. 

Several nu'thods <»f connecting re'ctifiers and contactor coils are 
indicat(‘d in Fig. 110. The simplest circuit A consists of a rectifier 
and a full-voltage' ce)il. The' re'edifie'i* must stanel full voltage con- 
tinue)usly and it must carry cendinuously a (*oil current sufficient to 
cle)se the ceintaedor. Although this e*ire'uit is simple and e*specially 
suiteVi fe)r fre'epie'nt e*ontae'tor e)i)e‘ration, the ivctilier is comparatively 
large and e'xpe'iisive'. If contactors are e)perate'd infreepiently, cir¬ 
cuit /i is prefe*rre*(l. The ce)il is eh'signi'd for i)artial voltage, and 
resistane*e is inse'rteei in scrie's with the* rertifie'r by an interleick when 
the contacte)r has ne'arly e-loscd. The* rectifier is subjected te) full 
voltage anel inrush e*urre'nt for euily a very short time. After the 
cenitactor lias ch)se'd, e)nly partial voltage* is applieei anel the current 
is re'duced te) a value ne'cessary le) hold the e*e)ntactor cle)seel. Thus 
* a smaller and le'ss expensive* re*ctitie*ei e-an be use'd. 

In sketches A and B a ce)ntre)l switch is shown only on the a-c 
side e)f the rectifier. \\'h(*n the* switch is eipened, the coil circuit 
remains ciose*el through the rectifie*r. On account of coil ineluctance, 
a discharge current will fh>w thre)ugh rectifier and coil, making the 
contacte)r sonu'what sluggish eai elre>p-e)ut. This sluggishness is rather 
objectionable on ce)ntrollers for fast duty cycle drives requiring con¬ 
tactors to follow the opening and closing of pilot devices without 
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delay. Fast drop-out can be obtained by circuit C. The control 
.-witch has two poles, one pole eonnerted in the a-c side of the recti¬ 
fier, and the second pole in series with the coil. If the control switch 
is opened, the coil circuit is interrupted, and no discharge path is 
available. Hence the contactor drop.s out fast. 



A-CONNECTION FOR FULL POWER RECTIFIER 



B-CONNECTION FOR MOST ECONOMICAL RECTIFIER 



C-CONNECTION FOR FAST DROP-OUT 

Ik;. 119. Rcctifior fur a-c tuiilaclui.^ wilh d-c niaKTicts. 

Contactors of very high current ratin<^, say al)ove 1000 ainperos, 
are used only occasionally, since tlu‘re is a ttaulency to use 
voltage motors in preference* to low-voltage* motors in sizes of sev- 
<Tal hundred horsepower or larmier. Multi-jxilc* contactors of such 
^izes woidd be rather bulky and ex])en"-iv(‘. Sev(’ral single-pole d-c 
<'ontactors are then used in combination, the blowouts of which are 
laminated. In order to insure that tlie sev(Tal contactors compris¬ 
ing a multi-pole group operate together, Hk* coils of all contactors of 
the group may be connecte<l in series. If the coil of any one con¬ 
tactor is then o})en-circuited, the whole grou)) will not close, thus 
avoiding the possibility of single-])ha>in 2 : a motor. The coils arc 
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energized either from an available d-c supply system or through 
rectifiers. 

Contactors with d-c operating magnets can be built as latched-in 
contactors. A small permanent magnet, made of suitable material, 
such as alnico, is inserted in the magnet core. The permanent magnet 
has not sufficient strength to close the contactor, but it will hold the 
contactor closed once the magnet has been closed by electromagnetic 
action. The contactor magnet coil is split into two sections, the 
closing ooil and the trip coil. When the closing coil is energized, 
the magnet clos(‘s. When the clohing coil is de-energized, the con¬ 
tactor stays closed owing to the flux of the permanent magnet. 
Energizing the trip coil sets up a magnetomotive force which reduces 
the permanent magnet flux to the ])oint where the contactor drops out. 

Rating of Contactors 

A-c contactors are widely us(‘d as line contactors in the primary 
or stator circuit of induction and synchronous motors. Safe con¬ 
tactor application dcanaiids that the contactor be able to disconnect 
the motor from the lin<‘ under a stalled condition, and the contactor 
must be able to interrupt safely the current drawn by the motor at 
standstill. For this reason, standard ratings have been established by 
NEMA on the basis of both current and horsepower. The current 
rating is based on the ability of the contactor to carry its rated cur¬ 
rent for 8 hours without ov('rheating of any of its parts. The horse¬ 
power rating deteriniru's the largest motor with wliich a given con¬ 
tactor can be used as a line contactor. 

Tabh* f) lists standard NEMA ratings of contactors when ajiplied 
as line contactors for single-speed full-voltage starters of squirrel 
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cage motors, full-voltage starters of multi-speed squirrel cage motors 
of the constant or variable torque type, reduced-voltage starters of 
squirrel cage motors, and secondary resistance starters of wound 
rotor motors. Accelerating contactors of single-step reduced-voltage 
starters for squirrel cage motors have the same rating as the line 
contactor, if the line contactor has an 8-hour rating of 150 amperes 
or less. If the line contactor is rated 300 amperes or more, the 
accelerating contactor may be one size smaller than the line con¬ 
tactor. If more than one starting step is used, accelerating con¬ 
tactors are selected so that their 8-hour rating for each step is not 
less than one sixth of the maximum current occurring on that step. 

AVhen contactors arc used as line contactors for multi-speed squir¬ 
rel cage motors of the constant horsepower type, the ratings of 
Table 6 do not apply. Instead, contactor ratings in accordance 
with Table 7 are used. Another exception to Table' 6 is the appli¬ 
cation of line contactors for synchronous motor starters. Standard 
contactor ratings are given in Table 8. 


TABLK 7 

St\ndakd NKMA (\)Nta(’tor Katings k)H Multi-Spkkd ConstantIIouskpowkh 
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TABLE 8 

Standard NEMA Contactor Ratings for Synchronous Motor Starters 

Open 8-Hour Horsepower Katina 

Rating in U0--550 Volts 


Amperes 

1.0 PF 

0.8 PF 

1.0 PF 

0.8 PF 

50 

20 

15 

30 

25 

100 

40 

30 

60 

50 

150 

60 

50 

125 

100 

300 

125 

100 

250 

200 

600 

250 

200 

500 

400 

900 

350 

300 

700 

600 

1350 

600 

400 

1000 

800 
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Ratings given in the above tables apply to contactors which are 
mounted in the open. When contactors are mounted on a large en¬ 
closed panel, tlie ambient temperature inside the enclosure hardly 
rises above tlic temperature outside so that the contactors are con¬ 
sidered cc|uivalent to being mounted in the open. However, if an 
individual contactor is enclosed in its own enclosing case, such as a 
full-voltage starter, the temi)erature inside the enclosure may rise 
above the temperature outside, and ventilation of the contactor is 
impaired. For such a|iplications contactor ratings are reduced to 
90 per cent of their standard 8-hour open ratings. 

For interiiiittent duty, as (‘ncountered on cranes, special ratings 
have been establislu'd. The ainjH're ratings have been set at one 
third Idgher than t}u‘ 8-hour rating, for contactors of an 8-hour 
rating of 100 amperes and higher. No int(Tmittent ratings have been 
established for smaller contactors. In Table 9 the standard NEMA 
crane ratings are given. Tlu'y are tabulat(‘d both in terms of amperes 
and, for liiu' contactor-, in t(‘rms of horse]>ow(‘r. 

TAHLL 9 

Standaui) Phimaio ('o^TA^T<)H Hatinos FOR A-C Crane Service 


Open S-Hour 


(^ranr Hating 


Hating in 


Iforscpimu r at 

Horsepower at 

A mpircs 

. 1 m prri'S 

220 Volts 

^ ^0-550 Volts 

50 

50 

15 

25 

1(K) 

laa 

40 

75 

150 

200 

00 

125 

a(M) 

too 

150 

300 

000 

soo 

300 

000 

9(H1 

12<H) 

450 


ia5o 

ism) 

000 

1200 


Secondary accelerating conta<*tors of wound rotor motor con¬ 
trollers are s(‘lected on the basis of their ampere rating. As sec¬ 
ondary currents vary greatly for a given horsepower rating, depending 
on the speed and specific tlesign of the motor, there is no relationship 
between secondary current and motor horsepower rating. On starters 
operated with j)ush buttons, the secondary contactors close but do not 
open under current. Blowouts are usually omitted. Only the last 
accelerating contactor carries motor current continuously and has 
to be selected on the basis of its 8-hour rating. Intermediate con¬ 
tactors may be selected with a lowtT rating. Their continuous 
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ratingr should be not less than one sixth of the maximum current 
occurring when each contactor closes. 

On speed-regulating or duty cycle controllers, secondary con¬ 
tactors are opened and closed under the influence of a pilot device, 
such as a master switch. Blowout type contactors are then used, as 
any contactor may interrupt motor load current. All contactors are 


s(‘lected on the basis of second¬ 
ary fuK-load current, except for 
controller steps on which such a 
large amount of resistance is in¬ 
serted in the rotor circuit that 
the secondary current cannot 
])ossil)ly reach the rated full¬ 
load value. For such controller 
.steps contactors are selected on 
the basis of actual maximum 
current which may be drawn on 
that step. For instance, if a 
contactor closes on a controller 
step with per unit resistance 2.0 
in the rotor circuit, current 
drawn at standstill cannot ex¬ 
ceed 0.5 full-load current, and 
tlie contactor need only have a 
rating of one half full-load 
current. 



A 9 


Fj(i. 120. (\)nn(‘(' ions of M condiiry con¬ 
tact ois for \N()iin(I lot or motors. A. 
Doul)Io-{>()lf‘ conlaclor, open di'llii con- 
inctui Gontuctor rating 100 ])cr cn\l 
of iionnal. H. Tripl(-i>ol(* confiictor, 
(h'lt.i conn<'ct('(l (’onlactor rating 150 
])or r(’nf of nornuil. 


Secondary contactors of wound rotor motor controllers can be 
connected in two ways, as indicated in Fig. 120. Double-jKile con¬ 
tactors are open delta connecte<l. See sketch A. Each contactor 
pole carries full rotor current, and contactor rating is ecpial to full¬ 
load rotor current. Trijile-pole contactors are (hdta connected. See 
sketch B. Each contactor pole carries only a jiortioii of the rotor 
current, which, with perfect distribution of current between poles, 
would be 1/V^ of the rotor curnmt. Because of slight variations 
in contact resistance, secondary resistance' per jihase, and lead re¬ 
sistance, perfect distribution of current between jioles cannot be 
achieved in practice. It is assumed that the maximum current 
any contactor pole may carry is 1/1.5 of the rotor current. Delta- 
connected secondary contactors are a])plied on the basis of 1.5 times 
their normal current rating. As an example, a tripl(‘-poIe 100- 
ainpere contactor can be used as a secondary contactor for a motor 
having a rotor current of 150 amperes. 
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High-Voltage Contactors^ 

With motor lino voltages above 600 volts, low-voltage contactors 
can no longer be used Contactois are available which are especially 



Fig 121 Oil-iinmcrscd high-\olt\gc a-c contactor rated 100 amperes, 2500 \oUs 

dtsignul for opt i at ion on high-voltage ciuuits Mo'=!t commonly 
used iugh voltages for motoi cinuits m the United States are 2300 
and IhOO Motor contiolleis foi ciituits up to 6000 volts arc con¬ 
sidered within the domain of industrial control \ciy large motors 
for connection to higher ^oltage circuits are not often used, and 
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£rencrally, their applications do not require that they be started and 
stopped frequently. Circuit breakers and switchgear equipment 
control such motors, which are considered to be outside the scope 
of this book. 

There are two categories of high-voltage contactors, the oil- 
immersed and the air break type. A typical three-pole oil-immersed 
contactor is shown in Fig. 121. It has an 8-hoiir rating of 100 
amperes or 350 horsepower at 2300 volts. The contactor proper 
resembles a conventional low-voltage contactor, and the magnet is 
of the same construction. The contacts arc assembled on a shaft, 
on which are molded grooved insulating spacers to increase the 
creepage distance between poles. The whole contactor assembly is 
immersed in a tank filled with oil. The oil servc's to insulate current- 
carrying parts from each other and from ground. It also quenches 
ares when the contactor opens under load. On oil-immersed con¬ 
tactors, blowouts are omitted since the arc is (‘xtinguished principalh’’ 
by the high-pressure gas formed as a bubble around the contacts 
when the heat of the arc decomposes some oil. Insulating barriers 
separate the poles and minimize the hazard of an arc-ove r between 
poles. A winch, operated by a hand crank, ])ermits the oil tank to be 
lowered for inspection and maintenance. 

The principal advantages of oil-immersed contactors can be sum¬ 
marized as follows: 

1. Since' all current-carrying jiarts an* enclos(‘d and confined in 
the oil tank, maximum jirotection to operating personnel is 
afTorded. 

2. The insulating value of oil permits distances })etween current- 
carrying parts to be kept low. As arcs are (luenched by oil, 
arcing distances need not be much larger than on low-voltage 
contactors. Oil-immersed contactors can be l)\iilt compact, re¬ 
quiring a minimum amount of space. 

3. Oil protects the metal parts against corrosion. 

These advantages are to some extent offset by the following dis¬ 
advantages: 

1. The presence of a body of oil constitutes a fire hazard. Care 
must be taken to provide good maintenance, as oil leaks con¬ 
stitute a definite danger. 

2. Oil changes its properties in time, and sludge forms inside the 
oil tank. Regular cleaning of the contactor is necessary, and 
sludged oil must be replaced periodically by clean oil. 
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3. Contacts interrupting current under oil burn away more rapidly 
than contacts interrupting current in air. Oil-immersed con¬ 
tactors should not be used for motor controllers that operate 
frecjuantly. 

Air break high-voltage contactors avoid these disadvantages. As 
the name implies, the contacts interrupt arcs in air. A triple-pole 
contactor is shown in Fig. 122. Only one arc chute is assembled in 



Fit,. 122. Uigl»-\ ultjiKt* ail lut'.ik n-v conlattor, r.ilt'ti 100 anipori>s, 2500 vollh. 

place, and the right-hand jiole j)i(*ce and blowout coil shield are 
removed so that the (h'tads of contact construction can be seen. The 
magnet, either d-c or a-c operated, does not differ from those used 
on conventional low-voltage contactors. The shaft and tie rods, 
W'hich support the contacts in the frame, are carefully insulated by 
baked-on layers of matc'rial with high dielectric strength, over which 
grooved insulating spacers are slipped, providing ample creepage 
distance betw(‘(*n poles. Since only air insulates poles from each 
other, the spacing between current-carrying parts is considerably 
larger than on low-voltage or oil-immersed contactors. An air break 
contactor takes up ccmsiderably more space than an oil-immersed 
contactor of corresponding rating. 

Blowouts interrupt the arcs when the contactor opens under cur¬ 
rent. Large arc chut(\s confine the arc, and baffle plates inside 
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KGB-VOLTAGE ided, both on 

u* .oening. Long control the movement 
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are used. One coil, consisting of a few turns, is connected to the 
stationary contact tip. When the tips part, a short arc is formed 
between stationary and movable tips, and a moderate blowout flux 
slowly increases the length of the arc and transfers it to the arcing 



Fw. 124 Pair of high-voltagc rcvorMiig air broak contactors, rated 100 ampeies, 

6000 volts. 

horns. The second blowout coil, containing a large number of 
turns, is connected to the stationary arcing horn. As soon as the arc 
is transferred to the arcing horns, the full blowout flux elongates the 
arc rapidly and propels it along the surface of the arcing horns, 
causing it to extinguish quickly. 

Air break higli-voltage contactors require considerable space. 
When open contactors are installed, care must be taken to prevent 
personnel from coming m contact with any current-carrying parts. 
Safety can be increased greatly by enclosing contactors, as illustrated 
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in Fig. 123. The absence of oil reduces maintenance, increases tip 
life, and makes air break contactors particularly suited for applica¬ 
tions requiring frequent starting and stopping of motors, such as mine 
hoists, cableways, aerial tramways, and the like. 

Contactors for 4600-volt circuits arc built like 2300-volt con¬ 
tactors, except that the spacing between poles and to ground is some¬ 
what increased. For 6000-volt motors, two contactors are arranged 
so that there are two breaks in series in each }>rimary phase. Shown 
in Fig. 124 is a pair of reversing contactors for a 6000-volt mine 
hoist motor, assembled on a common framework. The two left- 
hand contactors close together, to connect the motor to the line in 
the forward direction. The poles of the upper contactor are con¬ 
nected in series with the poles of the lower contactor. Likewise, the 
right-hand pair of contactors closes simultaneously to connect the 
motor to the line in the reverse direction. 

Control Relays 

Control relays are used for many purposes. Rome type's perform 
specific functions, others simply close or open their contacts when 
their coils are energized, in order to provide sequencing or inter¬ 
locking circuits. To permit energizing control relays by the light 
and sometimes delicate contacts of pilot devices, it is essential to 
kc(*p both magnetizing and inrush current of the relay magnet as 
low as possible. Solenoids are j)referr(‘d as operating magnets. 

A typical solcnoid-oj)erated control relay is illustrated by Fig. 125. 
The cover is removed to sliow details of magnet and contacts. It 
can be sujiplied with any desired number of circuits, up to six, and 
c()ntacts may be either normally open or normally closed. Small 
contactors, as shown in Fig. 116, are also often used as control 
relays. 

Control impulses may be initiated by sensitive instruments, the 
eontacts of which arc too delicate to interriq)! the coil current of a 
magnet but are able to close and carry the rnagned coil current. 
For this purpose relays are used of a tyjie shown in Fig. 126. The 
relay coil is connected in scries with a resistor. When the instru¬ 
ment contact marked “closc'^ is closed, the relay is energized, and 
it seals itself in through its own holding interlock. When the ^^close” 
contact is opened, the relay stays energized. When the ^‘trip^' con¬ 
tact is closed, it short-circuits the relay coil and the relay drops out. 
Tiie instrument contacts close, but never open, under current. This 
type of relay is used most frequently in connection with thermo¬ 
stats or temperature control instruments. For this reason, relays 
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which are de-energized by closing, rather than opening, a pilot circuit 
are generally known as thermostatic relays. 



Fid. 125. Four-polo control nluy, rated 
15 amperes, 600 volts, witli cover re¬ 
moved. 




Fig. 126. Thermostatic control 
relay. A. Front view of relay. 
/L Ihisic lelay connections. 


Timing Relays 

In Chapter 4 siinf)]o and nigged d-e magnetic time delay relays 
have been deserihed, the operation of which is based on the gradual 
decay of magnetic flux. With the development of small and re¬ 
liable metallic rectifiers, d-e timing relays have found wide appli¬ 
cation on a-c controllers. As the timing principle of such relays 
necessitates the presc'iice of direct current, relay coils are connected 
to a-c control sources through rectifiers. Relays may either be 
equipped with individual rectifiers, or a group of several relays may 
be connected to a common rectifier. Flux decay timing relays have 
an inherently long life because of the absence of mechanically wear¬ 
ing parts, such as gear trains. D-c timing relays are especially 
desirable for use on intermittent-duty controllers, where the relays 
arc subject to frequent operation. 
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Long time delays, of the order of minutes or even hours, are 
obtained by means of motor-driven timing relays. A typical timing 
relay is shown in Fig. 127 with cover removed so that the timing 
mechanism can be seen. When the relay is energized, a solenoid- 
operated clutch engages a gear train, which is driven by a self¬ 
starting synchronous motor of a type used in electric clocks. The 
motor turns a cam, until the relay contacts are opened or closed. 



Fic;. 127. Motor-driven a-c time d( lav rtlav. 

The motor is then disconnected and sto})pe(l, l)ut the clutch solenoid 
holds in the contacts. When the solenoid is d(‘-energized, the relay 
contacts reset. Timing is adjusted by a knurled disk which shifts 
the position of the contact-actuating cam. It, in turn, determines 
the amount of cam travel required to o})en or close the nday contacts. 

Current Limit Relay 

Many applications require a relay which responds to the current 
taken by the motor to be controlled. Such a relay is shown in 
Fig. 128. Its magnetic circuit contains two coils and two plungers. 
The front coil is a shunt coil, which is connect(‘d across tin* control 
source. The back coil is a current coil, which is connected in the 
motor primary circuit, either directly or through a current trans¬ 
former. The plunger in the current coil actual's the relay contact. 
As long as the plunger is raised, the relay contact is open. When 
the current coil plunger drops, the relay contact closes. 
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This relay is used primarily as an accelerating or plugging relay, 
and the principles of its application to control circuits aie explained 

in Chapter 12 As long as the 
shunt coll lb de-energized, the 
weight of itb plunger overcomes 
the weight of the current coil 
plunger through the lever at the 
bottom of the relay The current 
coil plunger ib raised, and the 
relay contact is locked open 
When the shunt coil is energized, 
its plunger IS raised, and the con¬ 
tact IS then under control of the 
cm lent coil As long as the motor 
current exceeds the setting of the 
relay, the current coil plunger 
stays in the raised position When 
the motor current diops below 
the lelay setting, the current coil 
plunger diops, and the lelay con¬ 
tact eloses A holding coil holds 
the leliv contact firmly closed 
shoulfl motor cuirent fliu tuations 
accomjiany the closing of the 
relay 




Fig 128 A-( ciiinnt limit rtlav A 

Front \KW of nliv B Ddail of 
k\< r an ingt mint 


Phase Reversal and Phase Fail¬ 
ure Relays 

The diiection of rotation of a-c 
motors is dit(limned by the phase 
rotation of the a-c line \oltagc 
\ceidentil re\crsal of line jihascs 
would result in inadveitent motor 
reversing Relays are a\ailable 
which ^top and pre\ent starting of 
mot 01 s in case of line phase re¬ 
versal Such rela 5 ^s, while not 


considered nc'ce^ssary lor all motor appheations, are required in easts 
where accidental motor re\ersal in\ohes a serious hazard to life 
Two t\pes of phase re\eisal rela\s are a\ailable based on either 
the current or the \oltage principle Figure 129 illustrates a relay of 
the current type Four magne^ts, (he coils of which are excited by the 
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current of two stator phases of the motor, set up a rotating flux which 
iutersects a solid disk, pivoted in the center. Eddy currents are in¬ 
duced in the disk, and a torque is developed which tends to rotate the 



Fig. 129. Current typo phase reversal relay. 


disk. As long as line phase rotation is correct, the torque of the 
disk is in the direction to press the disk against a stop, and the relay 
contacts arc closed. When line phase rotation reverses, the flux set 
up by the magnets reverses, and the torque of the disk reverses. The 
disk is free to rotate in the opposite direction, and it trips the contact 
open. When the relay contact is connected in the coil circuit of the 
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motor line contactor, the motor is disconnected from the line. The 
relay shown is reset manually. 

A voltage type phase reversal and phase failure relay is shown in 
Fig. 130. The magnet is built like the magnet of a watthour meter, 
and its three coils arc connected to the three lines of the power sys¬ 
tem. A metallic vane is pivoted so that it swings in the air gap of 
the magnet. When all tliree phases of the power system are alive, 



Fkj. 130. Voltage type pliase reversal and phase failure relay. 

and if pliaso rotation is correct, the torque on the vane is in a direction 
to close the relay contact. If phase rotation reverses, the torque on 
the vane reverses, and the relay contact opens. If one or several 
phases open, tlu' flux distribution in the air gap of the magnet changes, 
and no tonpie acts on the vaiu*. Tlie relay contact then opens under 
the influence of the weight of the vane. 

The voltage tyi)e relay opens its contact instantly upon phase re¬ 
versal. Its operation upon loss of one i)hase depends on whether or 
not the motor happens to be running when one phase of the line is 
interrupted. If the motor is standing still, the relay opens its contact 
and prevents connecting the motor to the line single phase. If the 
motor is running when one phase of the line fails, a voltage is induced 
in the third phase of the motor j)rimary winding by the remaining 
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two phases of the motor winding. The induced voltage appearing at 
the third motor terminal holds in the relay. This is desirable on con¬ 
trollers for intermittent drives, as the relay permits a motor to finish 
a trip before it opens and prevents restarting of the motor, after it has 
stopped. 


Resonant Relays ^ 

The use of a non-linear circuit, composed of capacity, inductance, 
and resistance, permits relays to respond very accurately to changes in 


VARIABLE 
REACTOR 
CAPACITOR 

^e■ 


A-CONNECTIONS OF RESON¬ 
ANT VOLTAGE RELAY 



VOLTAGE 


B-VOLTS-AMPERE CHAR- 
ACFERISTIC OF CIRCUIT A 




REACTANCE 


C-RELAY CHARACTERISTIC D RELAY CHARACTERISTIC 

FOR VARYING RESISTANCE FOR VARYING REACTANCE 


Fio. 131. (Vnini'ct joiw ;iu<l (of i(*.Nonanl \oltiiK(‘ rt'lay. 


voltage. The source of non-linearity is llu* behavior of the reactor, 
which contains an iron core that saturates. Wlum a varying voltage 
is a])plied to the reactor, the current through the reactor does not 
change proportional to the voltage, and the inductance is reduced with 
increasing saturation. Thendore, tin* r(\‘ietance of the reactor is de¬ 
termined not only by the freciuency l)ut also ])y the voltage applied to 
the reactor. When the reactor is then us(‘(I in a resonant circuit, re- 
simance at a given frecjuency occurs only at a certain voltage. Con- 
sid(T the series resonant circuit of sketch A in Fig. 131. If an alternat¬ 
ing voltage is applied to the circuit, and the voltage is gradually 
raised, the current at first is low and increases slightly with increasing 
voltage. When a certain voltage is reached, the magnitude of which 
depends ui)on the circuit constants, a resonant condition exists. The 
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circuit becomes unstable, and the current jumps suddenly to a much 
higher value. Further increase in voltage results in a further gradual 
increase in current. If the voltage is then decreased again, the cur¬ 
rent gradually decreases until a voltage is reached below the point of 
resonance. At this voltage the circuit becomes dissonant again, and 
the current suddenly decreases to a low value. This circuit behavior 
is illustrated by sketch B, 

Variations in capacity and inductance determine the voltage at 
which resonance occurs. For practical applications, it is diflScult to 



Fig. 132. Rohonant voltage relay. 


build capacitors which can be varied easily. However, tlie inductance 
can be \ari(’d witliout appreciable de^^ign difriciillie^ by building a re¬ 
actor witli an adjustable air gap. The amount of resistance deter¬ 
mines the voltage at which dl^M)nance occurs. 

Non-hnear behavior of the circuit can be U’^ed for actuating a relay. 
When the coil of a relay is connected across a portion of tlie resonant 
circuit, it ni(*asures the drop across tliat circuit element, wdiich is a 
measure of current. The most sati^lactory arrangement is to connect 
the relay coil across the capacitor, as indicated in sketch A. The 
voltage at which the relay picks uj) is governed primarily by capacity 
and inductance, wdiereas the voltage at which the relay drops out is 
determined by the adjustment of the resistor. As can be seen from 
sketch r, the differential between pick-up and drop-out voltage de¬ 
creases as the resistance is increased. It is possible to build relays 
on which the differential between pick-up and drop-out voltage can 
be adjusted between 0.25 and 30 per cent of the pick-up voltage. 
Changing the reactance by adjusting the reactor air gap permits vary- 
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ing of both pick-up and drop-out voltage over a range of approxi¬ 
mately 30 per cent. 

As relay performance depends on a resonant circuit condition, it is 
affected by changes in frequency of the control circuit. As long as 
fre(iucncy changes remain within a small percentage, the voltage re¬ 
sponse of the relay varies approximately in proportion to frequency 
variations. 

Figure 132 is the front view of a voltage responsive resonant relay. 
The component parts are assembled on a base*, and the cover is omitted 
to show the details of construction. On the left side is the magnetic 
relay. In the center is the capacitor. On the right is the rheostat 
with screwdriver adjustment of drop-out. Below it is the reactor with 
screwdriver adjustment of inck-u]), by adj\istment of its air gap. 
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ACCESSORIES 

Completo magnotic control (*cjui])iiicnts often contain not only con¬ 
tactors and relays necessary to obtain specific operation of the ma¬ 
chines to be controlled but also switches or circuit breakers used to 
isolate equipments from incoming power circuits. Circuit breakers 
also afford overciirrent protection. Transformers obtain control 
voltages of d(*sired magnitude*, and rectifiers provide for auxiliary 
direct current from a-c systems. Voltage regulators maintain con¬ 
trol voltage under varying load conditions. Sucli devices are classi¬ 
fied as accessories. They do not respond to control signals and im¬ 
pulses, l)ut they set up tind prepare* the cir(*uits on which control de¬ 
vices perform their functions. 

Many additional acc(‘ssory devices are at times found on control 
panels such as instruments, met(*rs, instrument transformers, clocks, 
indicators, and the like. Their use, however, is ordinarily not essen¬ 
tial to the desired performance. For this reason, they are not dis¬ 
cussed in this book. 

Knife Switches 

Knife switches are fre(iuently used to isolate power and control 
circuits. Enclosed sah'ty switches aiu* sometimes j)i*ovided between 
incoming pow('r lines and the line contactors of magnetic controllers. 
Safety switches serve a dual purpose. Tiu*y isolate the controller so 
tliat it can be serviced without danger of contact with live parts. They 
must also be able to interrupt the power circuit under full-load con¬ 
dition by hand, in ease of an emergency. lfow(*ver, switches are not 
intended to be opened under short-circuit conditions. Safety switches 
are rated in terms of In^rsepower, denoting the largest motor to which 
a switch of a given voltage and ampere rating can be applied. 

Open knife switclies, as used on niagni'tic control ])anels, are con¬ 
sidered disconnecting means, not to be used for power switching. 
They are rated in terms of amptTt's and are expected to carry current, 
but not to interrupt motor loa<ls. Their chief purpose is to isolate a 
controller from the line or to isolate certain motor circuits, in the case 
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of multi-motor controllers. Lockouts, for locking a knife switch 
ojxm by means of a padlock, give assurance to an electrician that no 
one but himself can energize a circuit on which he may be working. 

No intermittent current ratings have been established for knife 
switches. On intermittent rated controllers, knife switclies having an 
ampere rating equal to the 8-hour rating of the })ower contactors of 
the controller are used. 

Knife switches are widely used as control switches to isolate con¬ 
trol circuits. Separate power and control switches permit closing of 
the control circuit only and testing of the control devices, without 
energizing the motor. When control switches are used on d-c con¬ 
trollers the amount of inductance in the control circuit should be con¬ 
sidered. When the control circuit inductance is high, either because of 
a large number of heavy contactor coils or when d-c machine fields 
are connected to the control circuit, special field discharge switclies 
are us(‘d. Such switches are eqiiipiied with an auxiliary blade which 
coniu'cts a discharge resistance in tlie circuit when the switch opens, 
thus avoiding ex(‘essive arcing on the switch contacts and high voltage 
surges across the control circuits. 

Whether or not i>ower and control disconnect switches are included 
as j)art of a control panel (l(‘j)ends largely on the ])referencc of the 
user. It is customary for manufacturers to offer standard general- 
jiurpose controllers without eithiT line or control switches, and it is 
assumed that the purchaser jirovides disconnecting in(‘ans apart from 
tlu‘ controller. On S])ecial control ])anels, disconnect switches are in¬ 
cluded in th(‘ majority of cases, (‘specially if a multiplicity of motors 
is controlled by a grouj) controller. Oonv(*nience to the operator and 
saving of installation ex])(‘nse favor disconiuM't switches on ccrntrol 
jianels ratlu'r than separately mounted switclies. 

Circuit Breakers 

Functionally, circuit bri'akers serve both as disconnecting means 
and as protective d(*vic(*s. As comjiared with switches, they possess 
much higher interrupting ability. They are either manually oper¬ 
ated or they arc remotely oi)erat(‘d through solenoids or motor mech¬ 
anisms. iMost circuit breakers are (»(juij)i)i‘d with automatic over- 
current trij)s which o)K*n the breaktTs if the current thnmgh the 
breaker i^xceeds the trip setting. Circuit breakers arc designed to in¬ 
terrupt overloads and fault current, and their i)rimary purpose as part 
of controllers is to protect the control e(|uii)ment against damage due 
to short circuits. The selection of circuit breakers for any installa¬ 
tion must be based not only on their continuous current rating but also 
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on their interrupting ability, which must be at least as great as the 
largest fault current the system can produce at the point of breaker 
installation. Selection of circuit breakers is governed by analysis of 
the power system rather than motor performance. As an optional 
item, certain types of circuit breakers can be provided with under- 
voltage trips which cause the breakers to open if cither line or control 
voltage fails. F(jr a more detailed discussion of the selection of circuit 
breakers for purposes of protection, refer to Chapter 14. 

The fimetions of circuit breakers and contactors in a controller 
should not be confused. Contactors arc designed for frequent opera¬ 
tion and for interruption of motor loads and operating overloads; cir¬ 
cuit br(‘akers are ordinarily designed for l(‘ss frequent operation and 
for interruption of high fault currents. Breakers stay closed for long 
periods of time, but they must be relied upon to trip and clear the 
system promptly when an unusual overload or fault condition occurs. 
Exc(‘pt for drives that are started infrecpu'ntly, contactors, rather than 
circuit br(‘akers, should be used for starting and stopping. 

Oil circuit breakers are among the oldest devices used to interrupt 
current, Tliey are used today principally in installations over 600 
volts, although they have also been used on lower voltage circuits. 
The are formed during circuit interrui)tion is (luenched by the oil in¬ 
side the tank wliich also serves as insulation for live parts inside the 
tank. Figure 183 shows the front vi(*vv and back view of a manually 
operated oil circuit breaker, rated 2500 volts, with an interrupting 
rating of 15,000 kva. This particular breaker is used as main line 
breaker of a 440-volt installation. 

Advances made in the design of air circuit breakers have greatly 
curtailed the use of oil circuit breakers on low-voltage controllers. As 
the name im])lies, the arc of an air circuit breaker is interrupted in 
air. From the point of view of the control designer, air circuit break¬ 
ers have the advantage that tlnw are easier to mount on a control 
panel. Contacts can be inspected without having to lower an oil tank. 
The })ossibility of oil leaks and the resultant fire hazard are elimi¬ 
nated. Air circuit breakers can be obtained for manual or remote 
o])eration, with instantaneous and 'or time delay overcurrent trips 
and with instantaneous or time delay undervoltage trips. 

Shown in Fig. 134 is a ty[)ical manually operated air circuit breaker, 
installed in an enclosed control panel. Arc quenchers are behind a 
barrier w4iich confines the arcs and prevents their striking structural 
panel parts. The breaker is rated 600 volts, 600 amperes, with an 
interrupting rating of 25,000 amperes. It is equipped with dual in¬ 
stantaneous and time delay overcurrent trips. 
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Central station^practice often favors the use of a battery for clos¬ 
ing and tripping of breakers. The cost of the battery and the neces¬ 
sary charging ec|uipnient is in most cases not warranted for industrial 
control installation'? Operating mechanisms, either of the solenoid 
or motor type, are operated from a low-voltage control source. Over¬ 
current and undervoltage trips are generally direct acting. 



Fia. 134. Manually operated air (inuif breiker, rated 600 amperes, 600 volts, 
25 000-ampere infcrrupting i itiriR 


The acheiit of small panelboard type ciicuit breakers for lighting 
distiibution piiijioscs has brought about the development of small, 
eomiiact, manually operated air circuit bieakers, which have found 
wide application in industrial in‘^tallatl(mb ’ Such breakers arc avail¬ 
able as double- or triple-pole forms, in standard frame sizes of 50, 
100, 225, and 000 amperes Each frame size is built in several current 
ratings, determined by the overcurrent trips. The interrupting ratings 
arc 5000 to 15,000 amperes. 

Figure 135 show's a typical breaker, rated 15 amperes, 600 volts 
alternating cuiTent or 250 volts direct current, 100 ampere frame. 
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10,000 ampere interrupting rating. Figure 135A is a front view of 
the breaker. Figure 135i5 is a tripping curve with tripping time 
plotted versus current. Individual breakers of a line vary some¬ 
what in their tripping characteristics. Two curves are therefore shown, 



Fkj. 136. Small air cirrmt brrakor. 225-amporp framo, with oovor removed, 
mounted in endosed compaitment. 

designating tlie niaxirmiin and ininiinuni tri]iping time for any value 
of current. The actual tripjung characteristic of an individual circuit 
breaker falls between the two curves. 

Such air circuit breakers are widely used in place of fused discon¬ 
nect switches, both for motor and control circuits. They afford short- 
circuit protection. Their tripping characteristic is of the inverse 
time type, a thermal trip for overloads and a magnetic trip for high 
short-circuit currents being used generally. As compared with fuses, 
they trip more slowly on short circuits but they trip faster on mod- 
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crate overloads. They slioiild be considered primarily as branch 
circuit breakers. Their place as protective devices in control systems 
IS discussed in greater detail in Chapter 14. 

Compactness makes these breakers especially suited for panel 
mounting. Figure 136 shows a 225-ampere fiame circuit breaker 
in-talled in a panel comiiartment. The cover of the breaker is re¬ 
moved so that details of internal construction may be seen. The 
compartment door is equipped with a breaker-operating handle, per¬ 
mitting closing and tripping of the breaker without opening the door. 

Control Transformers 

Control transformers are used to step the system voltage down 
to a value suitable for the control circuits of a contioiler. On higli- 



J iGi 137. Control transformer, rated 0 050 kva, mounted along^de contactor in 

enclosing case. 


'voltage systems above 600 volts it is always necessary to step the 
control voltage down from the supply system voltage, as it would be 
unpossible to design pilot devices, contactor coils and the like, for 
operation on high voltage. Even on low-voltage circuits, it is dc- 
''iruble at times to step the control voltage down to a lower value 
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than the power system voltage. Delicate instruments, used as pilot 
devices, may not be able to operate on voltages above 110. In 
damp locations it may be too dangerous to have operating personnel 
come in contact with manually operated pilot switches carrying con¬ 
trol circuits of higher voltage than 110. Pilot lamps are generally 
available only for 110 volts or less, to mention a few reasons for 
using step-down transformers. 

Control transformers range between 0.050 kva and 5 kva capacity. 
On high-voltage contnjllers up to 4600 volts, and on low-voltage con¬ 
trollers, dry tyi)e transformers are most generally used because of 
their simi)licity, ease of mounting, and low cost. In Fig. 137 a small 
control transformer, rated 0.050 kva, is mounted in a small enclosing 
case with the contactor, the coil voltage of which it supplies. In Fig. 
133 a 3-kva control transfoniuT can be seen mounted in the back of 
the panel. 

The selection of control transformer size is governed by the follow¬ 
ing consid(‘rations. The rated current of the transformer must not be 
smaller than the sum of the magnetizing currents of the largest num¬ 
ber of contactors and n'lays which may he energized at one time. The 
highest current peak, which may occur because of the inrush current 
of one contactor, added to the magnetizing current of all other con¬ 
tactors, should not exceed three times the rated transformer current. 
Otherwise the r(‘gulation of the transformer would reduce the control 
voltage to a value too low to permit successful contactor operation. 

Voltage Stabilizers 

C\)ntr()l systems which provide control as well as maintenance of 
operating quantities, such as speed or voltage, require the presence of 
a constant-voltage source as a nderence. Tyi)ical examples are 
amplidyne controllers for speed regulation, voltage regulation, current 
limit control, and the like. In many plants, a constant-voltage d-c 
source is not available and an a-c control source is used as a reference 
to save the expense of installing a motor generator set. To make the 
control system inde})endent of fluctuations in the voltage of the power 
supply, voltage stabilizers are used which, when connected to a fluctu¬ 
ating input voltage, ju'oduce an output voltage that stays constant 
within narrow limits. Voltage stabilizers are sometimes combined 
with step-down transformers and markt'ted as constant-voltage trans¬ 
formers. 

Voltage stabilizers make use of non-linear circuits to compensate 
for variations in input voltage. In Fig. 138 sketch A is the schematic 
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diagram of one form of voltage stabilizer. It consists essentially of a 
reactor IL, which is connected in series with a network consisting of 
saturable reactor 2L and capacitor C in parallel. A compensating 
winding, which compensates for voltage drop through reactor IL be¬ 
cause of load current, is wound on a c(<inmon core with reactor IL. 

In sketch B is given the volt-ampere characteristic of the network 
consisting of 2L and (\ When the impressed voltage is low, current 
through C is much larger than current through 2L. The capacitive 
current causes a drop through reactor IL which adds to the input volt- 
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age. If the impressed voltage is liigh, the difference between current 
through 2L and (’ becomes smaller, and the drop through IL deducts 
from the input voltage. By projKT proportioning of IL, 2L, and C, 
it is possible to keep the outjmt voltage within narrow limits, even 
though the injuit voltage may vary considerably. Sketch T is a i)lot 
of outj)ut voltage A^ersus injnit voltage at rated load and unity power 
factor, and the ()ut])ut voltage variation is well within 1 i)er cent 
over a considerable range of input voltage. In reference circuits of 
closed cycle control systems, load and power factor change very little, 
and a voltage stabilizer is suitable for })roviding a reliable reference 
voltage source. 

Rectifiers 

Rectifiers are devices used to convert alternating voltage and cur¬ 
rent into unidirectional voltage and current. As [lart of control equip- 
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ments, rectifiers are used principally for two purposes. Most fre¬ 
quently, rectifiers are used to obtain a small amount of d-c power from 
an a-c system for the operation of contactors, circuit breakers, relays, 
or for the field excitation of small rotating machines. Occasionally, 
the valve action of rectifiers is made use of to permit passage of cur¬ 
rent in only one direction and to block current flow in the opposite 
direction. As an example, it may be desirefl" to have a relay dis¬ 
criminate the change in polarity of a d-c machine. 

Metallic rectifiers are used almost exclusively for control work. 
Their advantages are simplicity, the absence of auxiliary equipment, 
moderate cost, and instant availability. Accurate control of d-c out¬ 
put voltage is generally not required. Likewise, the ripple present in 
the rectified d-c voltage wave is usually of no importance. 

Two types of metallic rectifiers arc most commonly used, copper 
oxide and selenium rectifiers. Both types function on the principle 
that the dividing layer between certain dissimilar materials offers a 
high resistance to current flow in one direction hut a low resistance to 
current flow in the opposite direction. Their internal resistance 
changes somewhat with time, when rectifiers are aged. Some aging 
takes place whether or not rectifiers carry current. After approxi¬ 
mately six months of use, copper oxide rectifiers become stable. 
Selenium rectifiers ag(‘ continually. With increasing temperature, 
the resistance of rectifiers to reverse current flow decreases, and the 
maximum tempiTuture at whi(*h they can opcTate is thus definitely 
limited. ('o{)per oxide rectifuTs and selenium r(‘ctifiers may be oper¬ 
ated at temperatures up to 75 (\ but they must be derated for use 
above 50 Ch When installing rectifiers, care must be taken to mount 
them so as to keej) the ambient temperature as low as possible. 
When resistors and rectifiers are mounted on the same panel, resistors 
should always be located above the rectifiers. 

The active cell of a copper oxide rectifier" is a copper disk, on one 
side of which a film of cuprous oxide is formed. When voltage is 
applied to such a cell current flows readily from oxide to copper, but 
flow of current from copper to oxide is blocked. In Fig. 139, sketch 
A, the current-voltage characteristic of a single rectifier cell is plotted. 
Connecting several cells in series by stacking them on a bolt and 
clamping them tightly together forms a '‘stack,the rated terminal 
voltage of which depends on the number of cells in series. The cur¬ 
rent rating depends on the cell diameter and the number of cells con¬ 
nected in parallel. Cooling fins are often attached to the cells in 
order to increase the radiating surface. In Fig. 139B a group of recti- 
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fier? is shown mounted in the back of a control panel. The rectifiers 
are located below a bank of resistors so that hot air rising from the 
resistors does not raise the ambient temperature of the rectifiers. 

A seieniam rectifier cell consists of a metal plate, called the carrier 
plate, on which a very thin layer of selenium is deposited. By suitable 
heat treatment, a definite crystal¬ 


line structure of the selenium is 
obtained. A layer of metal with 
low melting point is sprayed over 
the selenium, forming the counter 
electrode. By a subsequent eh'C- 
trochemical })rocess a blocking 


z lOOOi 
E2 800 

fBeool 

400 

O I 200| 
01 
5 

101 


(T 
CC 
3CL 

05 

CT-J 

>2 

u 

q: 


15 







T 






/ 




6 

o 

o 

/ 






/ 





(A 

o 

o 







/ 


j 




/ 













-15 -10 -5 0 "02+04^06 

APPLIED VOLTS 
A 



li 


Fkj. 139. Copper oxule A Cuiieiit \eisiis \oltaj?e chuiactnistic of 

.1 rectifier cell. B. Group of leetififr '^t.idv'i iiiouiitt'd in Ijnck of control panel. 


layer is formed between the selenium film and the counter eh'ctrode. 
Current flo\\s freely from the s(‘lenium to the counter electrode, 
whereas current flow in the opposite din'ction is ])ractically blocked. 

The voltage-current characteristic of a selenium rectifier cell ® 
i^ similar to that of a copper oxide rectifier, as plotted in Fig. 140A. 
Individual cells are assembled in stacks, the voltage rating of which 
depends on the number of cells in senes. Figure 1407? shows selenium 
reetifier stacks of various sizes mounted on a panel. 

By connecting sufficient cells in series, it is possible to build metallic 
rectifiers for direct connection to control circuits u]) to 600 volts. 
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However, when circuits above 220 volts are involved, it is ihore eco¬ 
nomical to design the rectifiers for operation on 220 volts and to use 
small control transformers to step down the voltage. Unless proper 
precautions are taken, parallel operation of several rectifier units 




RELAY 



Fig. 141. Commonly usod roctifier circuit^. 


should be avoided if possible. Internal resistance of rectifiers varies 
somewhat, and if many parallel paths are provided, current may not 
divide evenly. Uneven current may lead to overloading of some 
stacks, causing cumulative failure. If a large number of contactors or 
relays on a controller are d-c operated from an a-c system, it is pref¬ 
erable to use several rectifiers rather than one large unit with many 
parallel paths. 

Two kinds of rectifier circuits are commonly used on controllers, 
half-wave and full-wave rectifiers. Their elementary connections and 
the w^ave shape of the resultant d-c voltage are indicated in Fig. 141. 
Sketch A shows a half-wave rectifier. A single path is provided for 
current to flow through the rectifier. In the symbol, the direction of 
current flow is indicated by the direction of the arrow, and the positive 
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terminal* of the rectifier is the one through which current leaves the 
rectifier and enters the load circuit. This convention agrees with com¬ 
monly used polarity markings of d-c generators. 

During each cycle of the applied a-c voltage, the positive half cycle 
appears as d-c voltage across the load and the negative half cycle is 
suppressed. The shaded areas in sketch A represent the d-c voltage. 
In order to determine the current, which flows in the load circuit, the 
average d-c voltage can be determined from the following formula: 

■f^dc(a\) ” t).45Zl^ac(rm&) (^9) 

where = average d-c no-load voltage across load circuit, 

^ac(riuH) = rms a-c voltage applied to rectifier. 

This formula does not include the drop through the rectifier, owing 
to load current in the d-c circuit. The voltage which actually appears 

across the relay coil is £?dc(av) mi¬ 
nus the drop in the rectifier, which, 
for a given load current, can be 
obtained from rectifier data pub¬ 
lished by the manufacturers. 

A full-wave rectifier is shown 
in sketch B. One stack with four 
paths, two stacks with two paths 
each, or four stacks are connected 
in a bridge circuit, and current 
tlcnvs in the d-c circuit during 
both half cycles of the ajiplied a-c 
wave. The shaded area, designat¬ 
ing the voltage across the d-c 
load, is twice as large as in sketch 
A, and thus the average d-c volt¬ 
age is: 

'f^clc(av) = 0.90/iJuc(rmh) (1)0) 

The d-c output voltage is not smooth. It consists of a number of 
unidirectional pulses. It can be considered as an average d-c voltage, 
over which is superimposetl an a-c ripjde, the principal frequency of 
which is twic(‘ the frecpiency of the a-c power supply. On certain 
applications, for instance, when rectified d-c voltage is used as refer¬ 
ence voltage in regulating circuits, it is desirable to reduce the amount 
of voltage ripple, that is, to ^^smooth out^’ the d-c voltage wave. It can 




Fig. 142. EtTfct of cjipacifor on U-c* 
output voltage of rectifif’r. 
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be accomplished by connecting a capacitor in parallel with the d-c 
load. Refer to Fig. 142, which shows a full-wave rectifier feeding a 
resistor. The dotted half-sine waves represent the rectified d-c volt¬ 
age that would appear across the load circuit if there w^e;e no capaci¬ 
tor. As the d-c voltage rises, the capacitor is charged, and full 
charge is determined by the peak a-c voltage. While the d-c voltage 
drops to zero, the capacitor is discharged through the load resistor, but 
the voltage across the load stays above the dotted sine wave. During 
the next half cycle the capacitor is fully charged again, and the cycle 
repeats. The circuit behavior described above occurs, of course, only 
if the load resistance is high so that the rectified voltage sine wave 
drops faster than the capacitor discharges. 

To calculate a rectified d-c control circuit, it is necessary to deter¬ 
mine the amount of capacity required to keej) the variation in d-c 
voltage below a certain value. For low currents, that is, for high 
values of resistance R, the following ai)proxiniate method uf calcula¬ 
tion can be used. Consider the capacitor discharge curve a straight 
line. The average d-c voltage is: 


R\u(&\) = liR} + R2) 

The average d-c current flowing through the resistor is: 

Iclcfav) - 


( 01 )* 


(62) • 


IhirinK the discharge period of the capaeitor, the current flowing 
througii the capacitor is: 


* tit (a\) 



(63) • 


Time interval At can be taken as the duration of one half cycle in 
s(H*()nds. Then, in order to maintain voltage variation AE = Ei — E 2 
at a given value, the following eai)acity in farads must be used: 


C = 


(El - i AE) At 
RAE 


(64)# 


With a given capacitor, voltage variation aE increases with de¬ 
creasing resistance or, in other wwds, with increasing current. With 
a given load circuit, voltage variation AE decreases with increasing 
capacitance. 
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The use of a half-wave rectifier as a blocking rectifier in a d-c 
control circuit is illustrated in Fig. 143. Let a rotating d-c machine 

serve as a source of d-c control power. It 


OC SOURCe DC SOURCE 



RELAY RELAY 

ENCROIZEO NOT 


ENERGIZED 

Fig. 143. Use of half-wave 
reftifier for blocking. 


may be a tachometer generator, the po¬ 
larity of which reverses with reversal of 
the machine to which it is connected. In 
the left-hand sketch the polarity is such 
that current flows through the rectifier 
and the relay coil. The relay is energized. 
In the right-hand sketch the polarity of 
the d-c source is reversed. The rectifier 
blocks the flow of current through the re¬ 
lay coil, and the relay is de-energized. 


Blocking rectifiers can be used in relaying circuits, the response of 


which depends on the polarity of the control signal received. 


Voltage Regulators 

In connection with controllers for d-c motors, especially adjustable- 
voltage systems, it is often desirable to regulate the output voltage of 
the exciter. The purpose is to establish a constant-voltage d-c control 
bus which can be used as a reference and remains constant while the 
load on the exciter varies between no load and full load. Voltage 
regulators vary the exciter field current as a function of the exciter 
output voltage so as to maintain a constant output voltage. The prin¬ 
cipal elements of a voltage regulator arc: 

1. A variable resistance eleiiKait which is connected in series with 
the exciter field winding and ])erinits varying the exciter field 
current. 

2. A voltage responsive magnet, the coil of which is connected across 
the exciter voltage so that the pull of the magnet is a measure 
of the exciter voltage. 

3. A reference, such as a spring, the tension of w^hich opposes the 
pull of the magnet and wiiich is so adjusted that it just neutral¬ 
izes the magnet jnill when the exciter voltage is at its desired 
value. 

4. A mechanical linkage which causes the net pull of the magnet 
to vary the resistance of the variable resistance element when 
the exciter voltage deviates from its set value. 

5. An anti-hunt feature, which prevents the regulator from over¬ 
shooting, and consecpiently from hunting, when the regulator 
corrects the exciter field current. 
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In Fig. 144 are front and side views of voltage regulators embody¬ 
ing the elements described above. The variable resistance elements 
consist of loosely stacked carbon plates spaced apart in the middle 



Fig. 144. Volta^o loj^ulator. A Fiont m(w /i. Side view 


by thin separators, forming a pivot for eacli plate. Silver buttons 
are inserted in the front end of the carbon ]>lates. AVith the stack 
pressed down in front, a low resistance j)ath is formed through the 
silver buttons. As the pressure is relieved in the front and applied 
in the back the stack tilts slightly. The silver buttons open, and more 
and more current passes through the carbon so that the resistance of 
the stack increases. 

The magnet armature operates on a system of levers which vary 
the pressure on the front or back of the carbon stack and thus change 
the resistance of the stack as a function of applied voltage, propor¬ 
tional to the pull of the magnet. A calibrated spring opposes the mag¬ 
net pull and determines whether the resistance of the carbon stack 
should be increased or decreastMl. A small rheostat is connected in 
series with the magnet coil to adjust the voltage at which the coil 
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current is just sufficient to balance the spring tension. The adjusting 
rheostat setting determines the voltage tliat the regulator maintains. 

Elementary connections of a d-c exciter with voltage regulator are 
indicated in Fig. 145. The regulator main coil is connected across the 
exciter terminals, and its current is proportional to the exciter voltage. 
The variable resistance clement is connected in the exciter shunt field 
circuit, in series with the field rheostat. When the exciter voltage rises 
above the desired value, the resistance of the variable element is in- 


EXCITER 

COMM 



creas(‘d, causing the exciter field current to decrease. Conversely, when 
the exciti'r voltage drops Im'Iow th(‘ d(*sired value, tlie resistance of the 
variable ehanent is decreased, causing tlu* excitiT field current to in¬ 
crease. The exciter field rheostat should be adjusted so that, with 
the regulator resistanct' element sliort-circuited, the exciter no-load 
voltage is 20 per c(*nt above rated voltage. 

The anti-hunt feature is ]>rovided by a voltage stabilizer, which 
is in fact a d-c transformer. The primary winding, consisting of a 
large number of turns with high resistance, is connected in ])arallel 
with the exciter shunt field and measures the drop across the field. 
Tlu* secondary winding has fewer turns and lower resistance. As 
long as tlu* excit(‘r field curr(*nt remains constant, no voltage is in¬ 
duced in tlu* secondary winding of tiu* stabilizer. However, when the 
field current chang(*s, a voltage is induced in the stabilizer secondary 
winding. Its magnitude is proportional to the rate of change of the 
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field current. The polarity depends on whether the field current in¬ 
creases or decreases. This induced voltage is loaded into a resistor. 
An adjustable portion of the voltage drop across the resistor is fed 
into the stabilizing coil, which is also located on the operating magnet. 
The stabilizing coil opposes the main coil. The pull developed by the 
stabilizing coil is a function of the rate of change of field current, and 
the direction of the pull depends on the direction of field current 
change. This prevents overshooting of the regulator. 

Although a specific design of voltage regulator has b(*en described 
as an example, there are other designs on the market which differ in 
mechanical details and in the method employed to vary the resistance 
in series with the exciter field. Voltage regulators have also been 
a})plied to d-c shunt motors to control the motor field current as a 
function of armature current or speed. If resistance is connected in 
s(*ries with the motor armature and the voltage drop across the resist¬ 
ance is used to energize the regulator ctnl, the motor armature current 
can he held convstant. Connecting the regulator coil ain'-'S tlie termi¬ 
nals of a tachometer generator permits holding motor si)eevl constant. 
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PILOT DEVICES 

Pilot (k'vicos arc control devices, the contacts of which are con¬ 
nected in control circuits. They in turn operate magnetic contactors 
or other r(‘mote-operuted devices which handle the power circuits. 
The common icatiirc of pilot devices is that they are mechanically 
operated, which sets them ajiart from relays and other magnetically 

opcTated control devices. Pilot 
di'vices may he under the manual 
c(»ntrol of operators, such as push 
buttons and master switches; they 
may ho operated automatically hy 
conditions of pressure, tempera¬ 
ture, or li(}uid l(‘vel; or they may 
simply he actuated hy the me¬ 
chanical motion of the motor or 
th(' drive. In this category fall 
plugging and limit switches. 

Push Buttons ^ 

Push buttons are the most fre- 
(|U(‘ntly us(‘d type of manually 
operated pilot devices. They con- 
si>t of a single or double break 
contact unit connected to a 
plungtT, usually made of insulat¬ 
ing mat(*rial, which, when de- 
j)r(*ssed, actuates the contacts. 
According to function, there are 
tw(^ ty]H‘s of ]Mish buttons, with momentary contact and main- 
tainetl contact. .\ momentary contact push button stays in its 
de]>ress(‘d position as long as the push button is held depressed. 
AVlien the push button is released, a spring returns it to tlie original 
position. A maintained contact push button contains a snap action 
mechanism, and two buttons arc necessary for its oi>eration. When 
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one button is pressed, the pusii button contacts snap closed or open, 
and when the button is released, the contacts stay in that position. A 
second button must be pressed to re<et tlie contacts. 

According to contact capacity, there are two classes of ))ush buttons, 
designated as standard duty and lieavy (iuty. Standa^xl duty push 
buttons are designed for moderate amounts of control current; heavy 
duty push buttons are able to handle higher control currents. Typi¬ 
cal ratings of a line of standard duty and heavy duty push buttons 
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are listed in Table 10. The current values given for breaking ajiply to 
inductive circuits, and they should be used a^ a l)asis for selecting 
})ush buttons whicli have to interrupt coil circuits of <*ontactor.s. 

A typical standard duty push button station ^iiown in Fig. 146. 
The momentary contact push button units are enclosed in a sheet 
metal case, the front of which is removable to iiermit waring. The 
(‘ase is arranged for wall mounting. Guards in the cover prevent 
inadvertent pressing of the buttons. The unit showui has a normally 
open start button, the contact of which closes wdien the button is 
pressed. The stop button is of the normally closed tyjie. The contact 
opens when the button is pressed. The designation of jiush button 
functions is molded in the face of the button. Stations are obtainable 
wuth one, tw^o, or three buttons. 
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For use on macliine tools, a standard duty push button unit of oil- 
tight design is available. It is illustrated in Fig. 147. A gland 

around the button prevents oil from en¬ 
tering the interior of the unit and keeps 
tlie contacts clean when the button is 
]>resse(l by an operator with an oil- 
.soak(‘d glove. The unit requires only 
one hf)le for mounting, and it is suited 
f(»r flush mounting on a plate which can 
be ass(‘inbletl over a cavity in the ma¬ 
chine tool frame. The function of the 
push buttons is d(‘signatcd by name- 
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j)latcs over the buttons. 

Heavy duty jmsh buttons have larger 
contacts. The contact units are equipped 
with two sets of contacts, one normally 
open and one normally closed. When 
the button is pressed, the normally 
closed contact oi)ens before the normally 
oi)en contact closes. The normally closed 
“back contacts’^ can be used for inter¬ 
locking purj)oses, which is of importance 
in connection with reversing controllers. 
Piivh button units may be assembled in 
cases for wall mounting or they can be 
assembh'd cm escaitclieon plates suitable 
for flush mminting. Up to five jmsh 
button.s can be mounted in one station. 
For a ])u^h button a turn button selec¬ 
tor ‘twitch or an indicating light may be 
substituted. Shown in Fig. 148 are com- 
pomuit units and complete stations both 
hir surface and flush mounting. 

F'or use in dusty or wet locations, push 
buttons are enclosed in watertight cast 
cases with gasketed cover (see Fig. 149). 
The push button units are assembled in 
the box. A' paddle-shaped lever in the 


cover, which is connected through a stuffing box to a treadle-shaped 


lever on the outside, serves to depress the buttons. The push button 


unit in the illustration is of the maintained contact type. The lever 


mechanism tying the two buttons together can be seen. When one 
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button is pressed, the other button is pushed out. The station shown 
contains two indicating lamps. In their place, another two button 
push button unit could be used in the same box. 

Foot-operated push button stations permit an operator to control 
his machine by movement of his feet while liis hands are free to 



T'k;. 148. Hravy duty ]msh hu11on'«>. A Wall-mmintod vtation^. B. Fhi^h- 
inoimtod htation. C. Indicating liglit. D. Turn tnillon unit. E. Pu^h liullon unit. 


perform other tasks. The station in Fig. 150 has push liutton units 
in a heavy east case, and the buttons are a(*tuated by a foot-operated 
treadle lever. 

Jnstallations in hazardous atmosphere, \\ith (dflier exjilosive gas or 
inflammable dust jircsent, retpiire cnelosun^s which pr(*vent the arcs 
formed upon contact opening from igniting the surrounding atmos¬ 
phere. One way to jirevent arcing from starting an explosion is to 
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arrange the contacts under oil. Another method is to enclose the con¬ 
tact unit in a special box with wide flanges. Both methods of making 
a push button station explosion-proof are acceptable. Typical explo¬ 
sion-proof push buttons are shown in Fig. lol. 
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Fio. 151. Explosion-proof pu-^li button .statlon^ .1. Oil-ininKM^od. B. Air-msu- 

hitod. 


Master Switches ^ 

Master switches are manually operated control switches, (h'sisjned 
to operate the coil circuits (»f nia^iudic controlh'r. In that resj)ect, 
their function does not differ from j)U'>li buttttns. However, \\h(*r('as 
a push button usually contains only one or a pair of (*ontaets which 
are either ojien or closed, nuuster switelu's contain a multijilieity of 
circuits, which o])cn and close in a definite setpiciice. Master switches 
provide greater flexibility, and a greater variety of functions can be 
jierformed by one switch. The contacts are operated by a shaft, 
which is turned by the movement of a lever. 

A simple master switch design is obtained by using a eylinder or 
drum, on which conducting segments are arrang(‘d, sliding under sta¬ 
tionary brushes or contact fingers. Shown in Fig. 152 is a drum 
type master switch which was developed originally for shovel service. 
Chopper segments slide under carbon brushes. The shaft is mounted 
in ball bearings. A gasketed cast cover encloses the switch and pre¬ 
vents entrance of dust and dirt. The principal advantages of this 
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type of switch are its compactness and the ease with which it can be 
operated. 1th disadvantage is lack of flexibility both in the number 
of circuits and in thr contact closing sequence. 

Another advantage of the drum type construction is the large num¬ 
ber of control i)oints which can be realized. A typical switch of that 
type is shown in Fig. 153. This switch has forty-seven positions. A 




Fi(.. 152. Drum type muster c^wilch with cover removed. 

copper (Iriiin sh(l(\s under stationary contact fingers. This type of 
switch is u^ed to short-circuit resistance steps in the generator field 
circuit ol adjusta])Je-voUage systems, the generator power circuit be¬ 
ing controlled by contactors. The large number of control points in¬ 
surers smooth aceel(Tation and deceleration of the motor controlled. 
The handle move's in a vertical plane and drives the drum through a 
bevel gear. 

The nec'essity of arranging contact segments on the drum in a defi¬ 
nite pattern makes it difficult to make up an irregidar contact closing 
secpienee, especially if the sequence in one direction of rotation is 
difierent from that in the other direction. After a switch has been 
built, it is often impossible to change the contact closing sequence if 
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control operation is to be changed after the equipment has been 
installed. A complete new drum must tlien be used. Another disad¬ 
vantage of sliding contacts is the slow motion with which the contact 
finger and the segment part when the circuit is opened. This delay 



Fki. 153. Drum type 47-point maMcn* switch for field conliol of adjustiiblc-volt- 

ago systf'in. 

causes burning of the edges of the segments so that the segments must 
bo renewed often on fr(‘fiuently operated niastcT switclies. 

These disadvantages are avoided by cam type master switches. 
Movable butt ty])e contacts, which close against stationary contacts, 
are mounted on a pivoted support, the motion of wliicli is governed 
by a cam fastened to tlic master switch shaft. Turning the shaft 
rotates the earn and closes or opens the contacts in any desired se¬ 
quence between switch positions. This arrangenumt is extn'incly flex¬ 
ible. If a change in the closing sequence of a contact is desired after 
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the switch has been built, it can be made easily by exchanging a 
cam or even by cutting the cam to a new contour. A typical cam type 
master switch is illustrated in Fig. 4, together with the method used 
to indicate contact closing sequence symbolically. A master switch 
with a larger number of circuits is shown in Fig. 154. The left illus¬ 
tration is a switch with sheet steel cover in place. The right one 
shows details of the contact arrangement and the method of making 
connections to the terminals. To reduce friction, small ball bearings 
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Fig. 154. C-am lyp<’ MvitclK’s. A. With cover. B, Cov('r removed. 

arc used as rollers for moving the eontu(‘t arms. A starwli('el and 
])awl mechanism provides a stop in each master switch position so 
that the operator may ftM'l eaeli ])osition. It also ])revents the handle 
from drifting if the master switeli is left in a position out of ncMitral. 
If desired, a spring return meehanism ran be included which returns 
the master switch to the neutral jiosition when the handle is released. 
The addition of spring return makes the master switch harder to 
operate, and s]>ring ri'turn to lUMitral is ])raetirabh‘ only for a limited 
number of circuits and switch jMisitions. 

Although th(' mastcM- switches described are typical and embody 
the essential elenuaits n'(]uired of such switches, a variety of different 
sizes and designs is on the market. A multitude of handles can be ob¬ 
tained to suit individual operators’ reciuirements. S])eeial enclosures 
can be used in phua's wlu're the master switch must be dust-tight, 
watertight, or explosion-jiroof. Switches with special shaft extensions 
are available for control desk mounting. Foot meclianisms permit an 
oj)erator to keep his hands free while operating switches with his feet. 
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When a number of master switches are to be mounted on a panel 
or on a control desk, the required space and neatness of appearance 
are important. A typical master switch design for desk or panel 



FiCi. 155. Small master switch for panel or control desk mountinp;. 

mounting is illustrated in Fig. 155. Although the coi'struction is 
lighter and the eontaet rating is lower than in the ])r(‘vi()usly de- 
scril)(‘d switches, this design is ideally suite<l for applications retjuir- 
ing the operator to control a large number of drives from one central 
control point. 

Pressure Switches 

Pilot devic(‘s discussed so far are used by an operator to start, stoj), 
and adjust a inotorizt'd driv(‘. There is also a lua'd for di'vices which 
start and stoj) a motor automatically as a function of the condition 
of some inediuin, such as air or a lifjuid. For instance, an air com¬ 
pressor is started wlien the pressure in an air system drops below the 
desired value, and tlie eom])ressor is stop])ed wliiai tiie pressure is 
built u]) again. Another example is an aeemmilator pump which starts 
and sto]is as a function of wat(*r pressure in the accumulator tank. 

Pressure switches are used to actuate magnetic contactors which 
start and stop the motors, or they may control small motors directly. 
A iH’essure switch contains a diapliragin which forms one wall of a 
pressure chamber. Tlie other side of the chamber is piped to the sys¬ 
tem the pressure of which is to be controlled so that one side of the 
diaphragm is under the pressure of the system. The other side of the 
diaphragm is mechanically connected to a compression spring the 
tension of which can be adjusted so that its force on the diaphragm 
balances the force exerted by the system pressure. Tf tlie system 
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pressure is above or below the sj^ring setting, the diaphragm deflects 
and, through a l(‘ver mechanism, ojicns and closes a contact. Figure 
156 shows a t 37 )ical pressure switch. AVhen the pressure rises above 
the switch setting, the contact opens. Wlien the pressure drops below 
the seffing, the contact rccioses. The switch setting can be adjusted 
by turnirig the screw wliich determines the compression of the spring. 

Pressure swit(‘hes can be obtained for contact opening between 1.25 
and 5000 pounds per square inch. The range over w^hich any indi- 
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vidual switch cim b(‘ adjusted v:iri(*s appioxiiiialcl^" l)etw’een 10 to 1 
and 3 to 1. Switclies witli a large* (lia})}iragin and a weak spring can 
be to nu’UMire the jirc'^sure of a \a(‘uuin ‘< 3 "stoin. Standard 

switches are a\ailabl(‘ for a range of adjustnuait bctw’oen 3 and 26 
inclies of mercury, 'flic nature of diaphiagni-operated devices de¬ 
mands that tlicre be a definite diflenaitial bet\vi‘(‘n the pressures at 
which the contacts open and reclose. This differential varies some- 
w’hat witli dith'U'ut t\p(‘s of switcho, and on a given swatch it in¬ 
creases w'lth incieast'd jn'essure setting. The pressure at which con¬ 
tacts reclos(' is generally betwa'en 65 and 90 per cent of the pressure 
at w^hich conta(‘ts opi‘n. Tliis differential is generalh^ not adjustable. 

Contact operjition can be inverted. Swatches which close their con¬ 
tacts upon a rise in jiressure and reopen on a drop in pressure are built 
for special ])uriloses. 

Pressure governor!- can be adjusted more accuratelj^ and they oper¬ 
ate on an adjustable jin'S'^ure differential. See Fig. 157. A pressure 
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povcrnor is essentially a gage which measures pressure by the deflec¬ 
tion of a Bourdon tube. Actual pressure measured is indicated on a 
scale. The deflection of the tube actuates a set of delicate contacts 
which in turn operate an auxiliary relay. The relay coil circuit is 
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arrans(‘(l like that of a ili<'rinostati(* rehiy Fip;. ]2(P ho iliaf (lie 
governor contaots make but do not bn'ak corrent. Tlu‘ pressure at 
which the auxiliary relay contacts open and closc^ is adjusted by riders 
on the scale. Governors are built for scab' ratings between 15 and 
10,000 pounds p(‘r scpiare inch. Operating pressures can b(‘ s(‘t be- 
1w(‘en 20 and 80 iier cent of full scab'. The niininiuin diffen'utial 
betw(‘en contact oix’ning and contact closing is 2 ptn* cent of full scale. 

Float Switches 

In automatic pumping stations the j)ump motors are started and 
stopped automatically so as to maintain a dcTinite watcT bwel. Pilot 
switches are ojierated by floats, the jiosition of which is determined 
by the water levid. The float actuates the switch through a rod or a 
chain. In Fig. 1.5S is shown a tyj^ical chain-op(‘rat(‘d float switch. 
Gne end of the chain is connect(*d to the float and the other end to a 
counterweight. Stops connect(‘d to the chain move a lever which 
turns and tilts a mercury tube forming the switch contact. Wlnni the 
water level raises the float, the switch contact ojicns. When the 
water level drops and the counterweight rises, the* switch contact 
rccloses. 

The differential in water level between contact opening and contact 
closing can be adjusted ov(*r a wide range. A minimum differential 
must be maintained in order to obtain sufficient travel to turn the 
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switch-operatirg lever. The differential may be increased at will, tli( 
only limitation being the available length of chain. For large pump¬ 
ing stations involving a multiplicity of pumps which are to be started 
and stopped in a definite sequence at various water levels, multi-cir- 
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cuit float Mvitrhcb have been de\el()pi(l They are built as rotary 
switches, similar to master switches, and tlie switch shaft is driven 
from the float chain through a spiucket. The contacts arc adjust¬ 
able so that they opc'ii and close at \arious water levels. 

Thermostats 

Many magnetic controllers have thc' purpose of maintaining tem¬ 
perature. A cooling v\ater pump foi canymg aw\ay heat generated 
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(lin ing; a manufacturing process may be started and stopped to main¬ 
tain a certain temi>erature for tlie i)rocess. The lieating elements 
oi an electric furnace may be switched on and off to maintain a con¬ 
stant tem))erature inside the furnace. 

Many devices are on the market to 



measure and record temperature. Al¬ 
though they are ])rimarily designed as 
instruments and incorporate a high de¬ 
gree of aecuracy, they are sometimes 
used as pilot devices, (‘specially for 
the (‘ontrol of eli'ctric furnaces. They 
measure temjH'ratiin' by means of a 
tliernu'couple or by a r(‘sistanee tluT- 
mometer. The emf of the thernioeou]de 
or the resistance change of thi' ther- 
mouK'ter is used in a bridge circuit to 
balance a galvanoineier against the 
voltage of a standard c(‘ll. A small 
motor mo\'(‘s a potentiomc'^iT forming 
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Fic. 159. Exi)iin,'>'ion tnhe 1h(‘rinos{;it. A. (l('n(*ral \ B. Details of l)ello\vs 
and contact iiK'chani^ni. 


part of the bridge circuit, to balance the galvanometer and to actu¬ 
ate the control contacts. As the contacts are delicate and unsuited 
to break curr€‘nt, a thermostatic relay is used (see Fig. 120). Such 
temperature controllers are essentially precision instruments of a 
special nature, and a discussion of their details is considered be- 
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yond the scope of this book. The reader who is interested in high- 
accuracy temperature devices should refer to special literature on 
that subject. 

Temperature-sensitive devices which do not indicate and record 
temperature but are used as pilot devices to provide control impulses 
are called thermostats. They open or close contacts at a certain 
temperature, thus actuating magnetic contactors. Various principles 
are used to obtain response to temperature, such as the unequal ex- 
I)ansion of rods made of different material, the deflection of a bimetal¬ 
lic strip, or the expansion of a liquid or a gas. 

A typical tf)erm()stat for industrial control use is illustrated in 
Fig loO. A sealed-off tube is filled with a liquid. A bellows at the 
end of the tiilfo expands wlien the liquid exi)ands with rising tempera- 
turc. The pressure of the liquid on the bellows is balanced against an 
adjustable s/)rjng. When the bellows pressure overcomes the spring 
pressure, a contact o/x'iis. When the bellows pressure drops below 
the spring presMire, tlie contact recloses. Dejiending on the size of 
the tulie and the lupiid used, the operating range of a given thermo¬ 
stat varies. V'lthin it*- range, the contact-opening temperature can be 
adjusted by varying tlie sjiring jiressure. 

The temp(‘rature range of a given thermostat is limited. It may 
vary between 1 to 4 and 1 to 1.15, d(‘pending on tube size and the 
nature of the li(|uid. llierinostats as shown in Fig. 159 are available 
for operation at teinpenitures between 80 and 750 F. The tempera¬ 
ture differential b(*t^^eell ojiening and reclosing of the contact is a 
constant number of degrees for any thermostat. Dejiending on the 
tempi‘raturc‘ for which the tluM-mostat is di'signc'd, th(‘ differential may 
vary betw(‘(‘n ‘l.h and 20 F. When applying thermostats, it is neces¬ 
sary to install them in such a manner tliat tlien* is a good heat transfer 
to the tube of tlu' thermostat. The li(iuid and th(‘ tube have a definite 
thermal capacity so that there is a time lag between the change in 
lemjierature outside the tube and the response of the thermostat. Good 
thermostat design aims to speed up the response as much as possible, 
but jirojier instidlation is always an imiiurtant factor. 

Switches Responsive to Motor Rotation 

Speed switches and spei'd governors respond to a definite speed 
of either the motor shaft or some shaft of the driven machine. A 
centrifugal mecnanism opens or closes contacts at a definite speed. 
Such switches are used to jirovide a control impulse and to start a 
control sequence when the motor speed reaches a given value. For 
instance, a speed switch can be used to close the low-speed winding 
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of a two-speed squirrel cage motor, after the motor has decelerated 
to a speed close to the synchronous speed of the low-speed winding. 
Speed switches are used as overspeed protective devices. Their con¬ 
tacts open when the motor speed exceeds a safe value, disconnecting 
the motor from the line and shutting down the e(|uipment. 

Figure 160 illustrates a typical centrif\igal speed governor, with 
cover removed, to exi)ose details of internal construction. A set of 
weights which move outward under the influence of centrifugal force 
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actuate* a inocliaiiiMii, wliicli in turn causes tlie contacts to open 

or close. Two s(*ts of contacts art* imivided, ei(li(*r of wliicIi may be 
normally ojK'n or normally closed. The sjit'ed at which the switch 
operates is determined hy the size of the weights and by the spring. 
Adjustment of the sliced settiniz; witluTi the* raiip,e of the switch is pos¬ 
sible hy chanp;inf>; the sjirin^ ])re^sure. For any given combination 
of sjiring and w(*ights, the differential between speeds at which con¬ 
tacts operate and reset varies between ap])roximately 10 and 40 per 
cent of the operating speed, depending on the spring adjustment. 

Another control problem which arises fre(|uently is fleterrnining 
whether the motor is at rest or whetlier it turns in either direction. 
Switches for this purjiose are us(‘(l mostly on automatic jdugging 
controllers, the circuit details of which are discussed in Chapters 11 
and 12. A plugging switch, as shown in Fig. 161, consists of a hous¬ 
ing in which a permanent alnico magnet rotates. The magnet is 
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coupled to the motor shaft and rotates at motor speed. An aluminum 
cup is arranged between the magnet and the housing so that the cup 
may turn. When the magnet rotates, eddy currents are induced in the 
aluminum cup, and toique is developed which turns the cup in the 
direction that the ujagnet rotates. The motion of the cup causes 
either one of a j)air of contacts to close. AVlien the motor is at rest or 
turns at slow speed, the contacts are open. AVhen the motor turns 
faster than some minimum sj)eed in either direction of rotation, one 
contact or the other is closed. 
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Fl(!. 161. switch. *1. Ch'iicral M(\v. li. With covct rfMno\ed. 

TIh* switch is suitable for iij) to ISOO rpm, and the contacts 

open when tlie s]>eed droj)s to a value ^\hieh can be adjusted between 
750 aiul dO rj)m. Spt'cd adjustment is made by varying the tension 
of the springs wliieh restrain the contact inovcinent. On certain 
api)lieations it is desirable, for safety r<’asons, to j)rev(mt the contacts 
from closing when the motor is rotated by hand. Otherwise tlie line 
contactor may be closed inadvertently. A magnetically operated 
lock-out which i)crmits the contacts to close only when tlie motor 
power circuit is energized may be provided as an ojitional item. 

Track Type Limit Switches ‘ 

Limit switches, among the most widely used pilot devices, are actu¬ 
ated by the travel of tlie driven machinerv. Thev iiiav slow clown 
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and stop the drive at the ends of the travel, interlock between various 
drives, or provide control impulses to initiate a control sequence as a 
unu’tion of the position of the driven piece of iiiachinery. Limit 
-notches are divided into two categories, depending on how they are 
operated mechanically by tlie drive. Track type limit switclios are 
tripped directly by cams, levers, push rods, and the like, attaclied 
to some part of the machine. Either the switch is stationary and 
actuated l)y s(»me moving member or 
tlie ^witch iiioves with the machine 
and is actuated by a stationary nuan- 
ber. (k'ured type limit switches are 
iiKMinted stationary, and a geared or 
directly cou})le(l sliaft rotates with 
the dnve shaft. Tims the rotation of 
tin* switch sliaft is a n'pliea of the 
travel of tlie drive, and contacts can 
1 ) 1 ' arranged to ()j)erate at any desired 
point of travel. 

Show’ll in Fig. 1()2 is a typical small 
ami com])act track tvjie limit sw’itch 
with rolk'r lever designed for standard 
duty. It is Used on machine tools and 
•’('iieral-iiurjiose appheatlons. It eon- 
IroN small and m(‘diuin-siz(‘ contac- 
toi’N and is instalk'd wdiere dust and 
dirt eoiKiitions are not severe. Tt^ 
overtraA'cl is limited, and it sliould he 
Used only wlu're the moving inembt'r, 
actuating tlie sw’itch, is well guided. 

It contains snaii-aetion contacts so 
that the contact oiicning sjit'cd is indcpcmk'nl of the* sjiced witli w’hi(*]i 
tlu' switch is triiiped mechanically. One normally ojam and one 
normally closed circuit are available*. Whc'ii tlu* ojierating lever 
i'' ri'leased, the switch is returned to its original jiosition by sjiring 
action. 

Heavy machinery apjilications, such as material-handling erpiip- 
ment, hoists, conveyors, steel mill auxiliaries, and the like, demand a 
heavier type of limit switch, as sliown in Fig. 103. The actuating 
k'ver turns a cam shaft w’hich operates tw’o contacts, cither one of 
which may be normally ojien or normally eloserl. Oontacts can be 
made overlaiiping or underlapping. C'ontaet oj)eration may be set 
lor spring return or non-spring return. The sw’itcli is enclosed in a 



Tkj. 1G2 Sl indaid <lii(v tiack 
ly])c linnt .switch. 
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heavy case, which can be either dust-tight or watertight, so that the 
switch may be installed in wet and dirty locations. 

To provide for accurate positioning, for instance to seat a movable 
bridge span, plunger-operated limit switches are used. Such a switch 




Fig. 163. Heavy duty track t 3 'i)c limit .switch. A. Gcnoial mcw B With cover 

renio\ ed 
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is shown in Fig. 164. A plunger mechanism actuates a toggle, which 
in turn operates the svntch contacts with snap action. A plunger 
movement of inch oi)erates the switch. An overtravel of 2% 
inches is available after the switch has tripped. The contacts reset 
within Ys inch of the trij^ping position. 



Fig. 164. PlimjijtT-operuti d limit switch. 

Geared Limit Switches ’ 

(beared limit switclu's translate the motion of the machine into 
the rotation of a shaft and use this rotary motion as an image of the 
distance actually traveled by the machine. For the apjilieation of 
geared limit switches it is neeessaiy that then* be a positive drive be¬ 
tween motor and machine tlnough gears or chains, with no slippage. 

High accuracy of adjustment is obtained wdth lead screw type 
swatches (see Fig. 1G5). Swatch A is a small and inexpensive switch 
with a contact at either end of the inacliine travel. Gear wdi(*els move 
laterally on the lead serew^ until they engage wath the fixed gear 
wheels, w^hieh in turn operate the contacts. Adjustment of the 
tripping points is obtained by turning the movable gear wheels by 
hand aw^ay from the fixed gear w^heels until the number of turns 
of the lead screw, necessary to trip the contacts, corresponds to the 
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desired machine travel. Switch 5 is a larger switch which obtains 
contact operation not only at the ends of travel but also at inter., 
mediate points. Bars on the lead screw nut, arranged at different 
levels, trip contact units which are assembled on a horizontal bar. 



B 

Fig. 165. l^ad mhw (nih* Inmt mmUIks ,1 C’ontdd opoi ition at ends 

of ti.iMl only H Cont ut operation at aiiv point of tia\rl 

Adjustment of contact operation is obtained by sliding the contact 
units along the sujiporting bar to the proper po^^ition. 

Lead screw tyjie limit switches can be ii^^jed only on reversing 
drives. CVrtain applications, for instance rotary car dumpers, in¬ 
volve travel in one direction only, witli limit switch operation re¬ 
peating itself once every operating cycle. This problem can be solved 
by using rotating cam type limit switches as shown in Fig. 166 A 
series of contacts is provided, and to each contact belongs a round 
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cam winch is clamped to the switch shaft. Adjustable closing and 
tripping dogs actuate the s\Mtch contacts. By changing the posi¬ 
tion of the dogs on the cams, contact operation can be set for any 






Ik 166 C im Upe gt ircd limit A For din (t <oiii>linj; B With 

built-in reduction pc ir 


point of madiine tra\el When used \Mth madiiiKS running in one 
direction only, a switch tiii\(l of 300 clcgiccs c oi k s])()nds to one 
opciating cycle of the nvidiine 

Cam type limit switches can also be used on leveiHiig diives To 
obtain best accuiacy, the angular switch tra\d roiu*^ponding to the 
diNtance of traved of the machiiu* should bo (dioscui as high as pos¬ 
sible, but not to exceed 310 degiees, m oidei to a\oid inteiference of 
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tripping dogs at the end of the travel. Cam type limit switches can 
be obtained either for direct connection to the machine or with built- 
in reduction gear. 

Power Type Limit Switches." 

Power type limit switches arc not pilot devices in the strict sense 
of the word. Tliey do not control contactors, but they handle power 



Fig. 167. “Youngstown” ]>()wor typo o\oHioist limit switch. (Courtosy Tho 
Eloftric* Controllor Manufacturing Co) 

circuits directly. However, since they arc often used in connection 
with magnetic control to obtain functional results similar to those 
obtained by pilot tyja* limit switches, they tire included in this chapter. 

Power type limit switelies are used jirincijially on cranes and 
hoists, to obtain overtravel jiroteetion in the hoisting direction. The 
contacts are heavy enough to ctirry motor current, and magnetic 
blowouts are provided for interruiition of current. By opening the 
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motor circuit directly, instead of tlirougli contactors, a greater degree 
of safety is obtained, which warrants the higher cost of this type of 
limit sw'itch where failure of any component part of a magnetic 
control system may result in serious riaterial damage or injury or 
loss of life. 

A typical power type overhoist limit switch for crane hoists is 
illustrated in Fig. 167. The switch contacts, which carry motor cur¬ 
rent, are held closed by a weight. When the hoist liook block travels 
beyond the extreme hoisting position the weight is raised by the 
block and the limit switch is tripped. The hoist motor is discon¬ 
nected from the line, and an emergency dynamic braking circuit is 
established. Refer to Chapter 18 for a complete hoist controller 
diagram, including a power limit switch. 
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CHAPTER 8 


ELECTRONIC DEVICES 

During the past decade electronic control has become such a broad 
subject that it is impossible to do it justice in one chapter. It is not 
considered the province of this book to present a treatise on electronic 
control. The reader who is interested in that subject should turn 
to a text on electronic phenomena and their use in industrial applica¬ 
tions. Electronics has ceased to be mysterious and the specialty of a 
selected few. Practically all industries have become acquainted with 
electronic devices and use them in one form or another, and the day 
is approaching when the average electrical engineer will consider 
electronics as just another tool to be used in its proper place. 

It is the author^s opinion that electronic control will not super¬ 
sede and eliminate magnetic control. However, electronic devices, as 
they arc capable of performing tasks which cannot be performed 
by conventional magnetic devices, will become more and more inter¬ 
related with magnetic control and will compUmient the conventional 
devices at the disposal of the control engineer. It is the purpose of 
this chapter to present some of the simpler electronic devices which 
have found use in conjunction with magnetic control. No attempt is 
made to explain the })rinci})les of (‘lectronics and the characteristics 
of tubes. Many good textbooks are available on this subject. 

Electronic Relays 

Conventional magnetic relays require an amount of power for 
their ojieration which is measuri'd in watts. Delicate contact-making 
measuring devices often do not have sufficient contact capacity to 
handle that amount of power. The resistance of a pilot contact 
actuating a magnetic relay must be so low that the drop across the 
contact does not reduce the voltage across the relay coil terminals 
below the pick-uj) value of the relay. Electronic relays require only 
milliwatts or a fraction thereof, and under adverse conditions they 
may be used as pilot devices for magnetic controllers. Contact 
resistance of the actuating device, such as a contact-making instru¬ 
ment, may be of the order of many thousand ohms and still operate 
an electronic relay satisfactorily. 

*^40 
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In Fig. 168 is shown a typical electronic relay. It consists of a 
6SN7GT twin triode tube, an anode transformer, a telephone type 
relay, several resistors and capacitors, all assembled in a weather- 
resisting enclosing case. An a-c power supply of 115 volts or 230 
volts IS required. The electronic tube is the equivalent of two 
separate triodes contained in a common envelope. The electronic 



Fig. 168. Kl((tionic nlay. 


tube controls the telephone relay which has a contact interrupting 
cajiacity of one ampere alternating current and can thus be used 
as a pilot device for a magnetic controller. The relay can be 
actuated by contacts having a resistance of 500,000 ohms or less. 
Since the contacts of contact-making instruments are usually of 
very light construction in order nf)t to impair the accuracy of the 
instruments, they are likely to bounce. Therefore, a small time 
delay is built into the relay which prevents it from chattering be¬ 
cause of contact bounce. 

Internal connections of the electronic relay are indicated in Fig. 
169. For simplicity’s sake, cathode heaters arc omitted. The two 
triodes of the twin tube are shown as separate tubes, to make the 
circuit easier to understand. 
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ACTUATING CONTACT 

B- CONNECTION FOR RELAY TO PICK UP 
1 Ki. 169 . C^miK'clion.s of cit'd ionic relay. 

triodos wliich it? connected as a rectifier. A d-c voltaf^e appears 
across resistor 4/? and capacitor 2C with jiolarity as indicated. On 
the other triode, which acts as a control tube, 180 volts arc im¬ 
pressed. With the actiiatinq: contact open, the grid of the control 
tube is at cathode potential. The control tube is conducting, and 
rectified half-wave d-c current, which is filtered by capacitor 3C, 
flows through the coil of the telephone relay. 

When the actuating contact closes, a negative bias voltage is 
aj>i)lied to the grid of the control tube, which then ceases to conduct. 
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Consequently, the telephone relay drops out. When the actuating 
contact reopens again, the telephone relay does not pick up iuune- 
diately, as ca})acitor IC maintains the negative grid bias for a time. 
Capacitor 1C discharges through resistor 1/? and introduces a time 
delay before the telephone relay picks up again. If the time interval, 
during which the actuating contact bo\inces open, is less than the 
inherent time delay of the electronic relay, the telephone relay does 
not chatter but stays drop})ed out. 

In sketch B the function of the actuating contact is reversed. It is 
similar to sketch A, ex(*ept that connections of resistor 1/f and the 
actuating contact are changed. With the actuating contact open, a 
negative bias voltage is applied to the control tube grid, which does 
not conduct, and the tele])hone relay is dropped out. When the 
cMctuating eontaet closes, it connects the control tube grid to catliod(‘ 
potential. Consequently the control tube conducts current and the 
telephone relay picks up. 

Electronic Timers * 

In the eleetronie relay just de^'crihed a time delay is obtained 
^^hich is governed by the time recpiired to discharge' a cuj)aeiior 



A B 

Fig. 170. Electronic limeT. A. Gonenil view. B. With cov(*r removed. 


through a resistor. Tins time delay is fixed, and no attempt is made 
to make the time delay either accurate or adjustable. With the same 
essential circuit components, namely, a 6C5 triode, a telephone 




244 ELECTRONIC DEVICES 

relay, several resistors and oaj)acitors, and an adjusting rheostat, 
an electronic timer can be built which produces an accurate and 
adjustable time delay. A timer, assembled in its individual enclos¬ 
ing case, is shown in JFig. 1 70. As compared with a mechanical timer 
or motor-driven time delay relay, it has the advantages that moving 
parts are absent and ineclianical wear is eliminated. 



Fkj. 171. (Connections of electronic timer. 


For internal connections and an explanation of the timing func¬ 
tion, see Fig. 171. The timer is connected to either a 115-volt or 
230-volt a-c system. The cathode lieater of the tube is omitted for 
simplicity. With the actuating contact open, the timer is reset, and 
the telephone relay is dropped out, as the tube docs not conduct 
current from cathode to anode. However, the grid and cathode of 
the tube form a rectifier, and current flows from the left side of the 
a-c line, through the adjusting rheostat, through resistor IB and 
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capacitor 1C, and through the tube and resistor 2R to the right side 
of the a-c line, the grid acting as an anode. This current charges 
capacitor 1C, until the capacitor voltage reaches the peak value of 
a-c voltage between the right side of the a-c line and the rheostat 
slider. With capacitor 1C fully charged, the grid voltage is always 
negative with resi)eet to the right side of the a-c line so that no plate 
current passes the tube. 

When the actuating contact is closed, this capacitor voltage plus 
an a-c voltage equal to the voltage from the left side of the a-c line 
to the slider of the rheostat is impres.sed on the grid. Since the 
cathode is now connected to the left side of the a-c line, the alternat¬ 
ing component of the grid voltage is in pliase with the eatliode- 
anode voltage across the tube, ('aj)aeitor 1C discharges through re¬ 
sistor IR, and the negative d-e voltage on the grid decays according 
to an exponential function, the time constant of which is determined 
by the product (1/?) X C(’). In the lower sketch of Fig. 171, this 
decaying d-c voltage is indicated by a broken line. Cver this d-c 
voltage the a-c grid voltage is superimposed so that the resultant 
grid voltage is represented by the solid liiu‘. 

As long as the grid voltage is suffieiently negative, no plate cur¬ 
rent is passed by the tube. As the d-c comiioneiit of tlie grid voltage 
d(‘cays, a jioint is reached at which the tube starts to conduct cur¬ 
rent, which consists of rectified jiulses. Successive pulses increase 
in magnitude until the average eun*(‘nt becomes large enough to ])ick 
up the telephone relay. Thus a definite time delay results between 
the closing of the actuating contact and the closing of the relay 
contact. 

The time delay obtainable with the electronic timer is influenced 
by the selection of IT and li?, which determines the rate of decay 
of the d-c component of the grid voltage. Witli tlie values of 1C 
and lit! established, the actual time delay within the range of the 
relay can be adjusted by moving the slider of the rheostat. Moving 
the slider to the left increases the d-c comiionent arul decreases the 
a-c component of the grid voltage, thus increasing the time delay. 
Conversely, moving the rheostat slider to the right d(*creases the d-c 
component and increases the a-c component of the grid voltage, thus 
reducing the time delay. 

Photoelectric Relays 

Photoelectric relays, as the name implies, make use of the phe¬ 
nomenon that light can affect tin* flow of current. Tlie responsive 
ei(*ment.of a photoelectric relay is the })hototul) 9 , which consists of 
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a light-sensitive cathode and an anode, enclosed in an evacuated 
envelope. The light-sensitive cathode is usually a thin plate of 
silver on which a very fine film of sensitive material has been 
deposited by evaporation. 

If voltage is applied to the anode and cathode in a dark room, no 
current flows through the phototube. If light strikes the cathode of 
the phototube, it emits electrons, and the tube passes current. The 
intensity of electron emission and the magnitude of current passing 
througli tlie tube are approximately j^roportional to the intensity of 
the light striking the tube. 



WAVE LENGTH IN MICRONS 
Fig. 172. lielativo rc.^poiiM' of phototube*-. 

Photoelectric relays are ofttm called “electric eyc^/’ implying that 
phototubes “see’^ light and react to it like the human eye. There 
is some similarity in the res])oiise to ligiit between the human eye 
and the phototube. Light is a mixture of oscillations of various wave 
lengths. There is a visible as well as an invisible spectrum. Within 
the visible spectrum, the human eye responds differently to different 
colors. If the response of the eye to light of different wave length 
is measured by an arbitrary standard, a certain pattern of response 
versus wave length is obtained. Tliis pattern is plotted as curve C 
in Fig. 172. 

Measuring the electron emission of a phototube, which is propor¬ 
tional to the current it parses, for light of different wave lengths, 
obtains a similar pattern of response versus wave length. Depend¬ 
ing on the coating material of the cathode different response patterns 
are obtained. They are quite different from the response pattern of 
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the human eye. Phototubes also have the property of responding to 
waves in the invisible spectrum. 

Cesium oxide as a cathode coating material responds strongly to 
red and infrared rays. Response extends tlirough the visible spectrum 
and reaches another peak in the ultraviolet range. T!ie response 
pattern of a typical red-sensitive tube '-uch as PJ23 is indicated by 
curve A in Fig. 172. The shape of that cur^’e is quite different from 
the human eye curve C. The color range, which obtains maximum 
res})onse of the human eye, obtains minimum response from the 
pilototube and vice versa. This behavior of the phototube must be 
taken into consideration when it is used to “see’’ colored light. 

A mixture of antimony and cesium oxide, j>roperly processed, 
obtains a response pattern which is quite different. This cathodt* 
material obtains high response in the range of violet and but 

low response in the red range, and no resiionse at all in the infra¬ 
red range. Curve B of Fig. 172 gives the response patU‘rn of a blue- 
^(‘ii^itive tube, such as (iL411. 

In connection with magnetic control, jihotoelectric relays are used 
principally as limit switches to indicate the position of an object in 
^pace. Photoelectric rcday.'^ fill a definitt* need where it is difficult 
to use a mechanically ojierated limit switch. For instance, if it is 
desired to determine whether a ]hece of work has moved to a certain 
spot on a conveyor, at which j)oint it is to be nanoved, a photo¬ 
electric relay can be used to “see” the piece of work and ])rovide a 
control impulse which starts a deff(‘ctor. Photoel(*ctric relays ar(‘ 
jiarticularly valuable to determine the position of work insidi* fur¬ 
naces. Roller hearth furnaces are a tyjiical exanijile. It is im¬ 
possible to ]dace limit switch(*s inside a furnaCe liecausc* of the high 
temiierature. Actuating mechanisms, which transmit mechanical 
motion from the inside of a furnace* to a switch on the outside*, are 
complicated and not practical at high temperatures. Photoelectric 
relays, however, can be used to “see” the work inside the furnace. 

The customary arrangement is to use a photoelectric relay in con¬ 
junction with a light source. The light beam is trained on the 
lihototube. When the object to be “seen” moves to the jiosition at 
which a control impulse is desired, the light beam is intercepted and 
the phototube is darkened. Shown in Fig. 173 is a typical light 
source containing a low-voltage incandescent lamp, which is con¬ 
nected to the available power system through a step-down trans- 
iormer. A standard automobile headlamp is used in tlie design 
^hown. The mounting bracket permits adjusting the position of the 
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Fki. 173 hource for photof i(Ljys 



A B 

Fio. 174. Simple photoelectric n*lav with phototube included in relay box. A. 
General mcw. B, With (o\ er.n moved. 
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lamp. A lens in front of the lamj> gatliers the emitted light and 
concentrates it into a well-defined beam. 

In Fig. 172 curve D indicates the relative intensity of various 
wave lengths present in the light emitted by an incandescent lamp. 
Tlie light beam contains a large amount of red and intrared rays. 
Tl)us red-sensitive phototubes are well suited foi- work in conjunc¬ 
tion with incandescent light sources, as such tubes have a high 
degree of response in the red and infrared range. 



Fia. 175. Connections of pliotoelectric rf‘lay. 

Figure 174 sliowa a simple j)hotoelectrie relay eonsisting of a 
phototube, a triode, a teIei)hone relay and nee(‘hsary transformer, 
rt‘sistors, and capacitors ussembl(‘d in a she(‘t metal box. A slot in 
tlic cover permits the liglit beam to strike tlie j)hototube. Figure 
175 is the elementary diagram of the relay. For an explanation of 
the circuit, assume that the phototube is dark so that no current 
jiasses through it. Since the cathode of the control tube is tied to 
the 60-volt winding of the anode transformer, the grid-cathode cir¬ 
cuit acts as a rectifier and current flows tlircMigh capacitor IT, re¬ 
sistor 2R, the grid, the cathode, and back to tlic slider of the adjust¬ 
ing rheostat. This current charges capacitor If so that the grid 
of the control tube is always negative with rcsi)ect to the cathode, 
thus preventing the control tube from conducting. The telephone 
relay is dropped out. When light strikes the i)h()totube, it ])asscs 
current during the positive half cycle because of the emission of 
electrons from its sensitive cathode. The phototube current re¬ 
duces the negative charge of capacitor If, which was built up dur- 
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ing preceding negative half cycles. As the light intensity and corre¬ 
spondingly the current through the phototube increase, the capacitoi 
charge is reversed during the positive half cycle. This reversal 
applies a positive voltage to the grid of the control tube, which 
permits sufficient current to flow so that the telephone relay picks up. 
The amount of negative charge on 1C, and thus the amount of light 



Fi(.. 176 Photooloctnc relay with sejmrair holder. 

required to reverse the charge and obtain pick-up of the relay, can 
be varied by the adjusting rheostat. Resistor 2R protects the grid 
and prevents excessive grid current from flowing if light of high 
intensity strikes the phototube. 

The intensity of light which strikes the phototube is important for 
successful iierforinance of the relay. The light source and the photo¬ 
tube must be lined up carefully so that the light beam is well direct(‘d 
on the tube. Dirt collecting on the lens t)f the light source or in 
front of the photonibe impairs the response of the relay. Where 
accumulation of dirt cannot be avoided, it is well to lay out the 
control circuits in such a manner that the control will fail safe and 
not initiate a faulty and dangerous operation if the light beam is 
inadvertently intercepted by an accumulation of dirt. 
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In crowded quarterh it may be found difficult to install a relay such 
a' ^hov^n in Fig. 174 in a position where it can be lined up well with 
the light source. A relay with separate phototube holder is then 
used (see Fig. 176). The separate holder is much smaller than a 
complete relay and can be mounted easily m confined space. The 
phototube holder can be equipped with an optical system which 
permits focusing the light beam on the pliototiibe. eliminating the 



Ik. 177 Pliotoi kttiic icla\& um d as limit bwitclics on lollci luaith fuiiKHC. 

efToct of stray and increasing the intensity of tlie useful beam. 
When a sejiarate phototube holder is used, the cable between photo- 
tiibi' and relay must be of a shielded type and th(‘ shuld must be 
giounded to prevent stiay voltages fioin being picked up and ap- 
})lied to the grid, causing faulty operation The reday shown in 
hig 176 uses the same ciicuit gi\en in Fig 17o lx( ejit that a 
magmdic control iday has been added, which m turn is controlled 
by tlie telephone relay. This incieaMs tlu‘ (ontact cajiacity and 
permits the photoelec tne relay to be used directly as a pilot d(‘vicc 
in control circuits recpiiring more jiowei than can be handled by the 
t( h'phone relay. 

Shown in Fig 177 is a tvpual application oi photoelectric relays 
limit s\Mtc]K‘h on a lollei laaiith tuinacc lo the lelt and in front 




252 


ELECTRONIC DEVICES 


of the charging door is the relay, lined up with a light source to the 
right, which indicates that a charge has been placed on the charging 
table, ready to be moved into the furnace. When the charge inter¬ 
cepts the light beam, the relay provides the control impulse to open 
the door automatically. Some distance back, a second relay can be 
seen, the light beam of which is intercepted when the charge has 
moved a certain distance into the furnace. Tliis interception pro¬ 
vides another control impulse to close the door. Other relays are 
spaced at intervals along the furnace, controlling the progress of the 
charge through the furnace. 

When photoi‘lectric relays are applied to furnace work, considera¬ 
tion must be given to the temperature of the charge which the relay 
is expected to “see.’’ At elevated temperatures the charge becomes 
incandescent and emits red and infrared rays to which red-sensitive 
phototubes respond. At 1450 F red-sensitive phototubes begin to 
react to the light emitted by the charge, but up to 1950 F it is pos¬ 
sible to adjust the resj^onse of the rela^^s so that a charge passing 
between light source and j)hototube causes the light beam to be 
intercej)ted. At higher tem{)eratures, however, the charge emits so 
much red and infrared light that the phototube remains sensitized 
from the light of the charge. 

One method of overcoming this difficulty is to reverse the action 
of the i)hotoelectric relay and to omit the light source. A dark spot 
is provided in the furnace wall opposite the phototube, and as long as 
no charge passes before the tube, it is not sensitized. When a hot 
charge passes between the phototube and the dark spot, the tube 
bccoiiK's siaisitized and conducts current. This arrangement, al¬ 
though simple and reliable, has the disadvantage that it does not 
fail safe in case of a phototube failure, and the hot charge may pass 
too far through the furnace. Above 1950 F blue-sensitive photo¬ 
tubes can be used in conjunction with a light source, as this type 
of tube does not respond to the rays emitted from the charge. A 
hot charge intercepts the light beam efYectively and provides the re- 
(piired control signal. It is important to arrange control circuits 
so that phototube failure or burn-out t)f the light source prevents 
progress of the charge, avoiding a ])ossible ])ile-up. 

Pliotron Oscillators 

Another electronic device vviiich can be used as a limit switch to 
determine the position of a moving object in space is the pliotron 
oscillator. In Fig. 17(S is a view of the oscillator, and Fig. 179 is the 
elementary diagram. Tlie oscillator consists of a IMS iiliotron 
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triodc which, together with a resistor aiid capacitors, is mounted in 
a case. In the back of tlie case are two wooden blocks, in each of 
which a coil is imbedded. The t\^o 
coils are arranged so that tliey have 

a common magnetic axis, and so that ...jl 

the coils are cou])led inductively. 

One coil is connected in the anode ♦ 

circuit, and the other coil is con- 
iHM'ted in the grid circuit of the plio- 
troll tube. 

The tube is connected to a d-c 
I'oltage source, and the coil of a ^ 

magnetic relay is connected in series f 

witli the anode. If the oscillator ^ ^ 

c(iils were short-circuited, the grid 
would be at cathode potential, 
and the tube would pass current 

commensurate with anode voltage*. ^I'holioii ()m*i11U(m e lit 

• ii • c(>\(‘r ouiiHcd 

How’ever, ivith the c(uls in the cir¬ 
cuit, an oscillator is formed. A minute* iiisturhance, sucli as a small 
switching surge, causes a transient voltage to app(‘ar across coil 2, 
and grid potential swings accordingly. A corresjionding transient 



3C 

002MF 


Fifi. 179. Connections of i)Iiotron oscillator. 


voltage, 180 degrees out of phase, appears across coil 1 in the anode 
eircuit. Because of the inductive coupling between the coils, a 180- 
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(legroe out-of-phasc signal is transmitted from coil 1 back into coil 2 
tliat is, the reflected feed-back signal is in j)has(‘ with dhe original 
signal which touched off tlie oscillation. 

Capacitor 3C pnnidcs the return path for the current due to the 
oscillation, which continues at an amplitude and at a frequency at 
which the voltage gain of the feed-back circuit is exactly unity. 
While this high frequency oscillation exists only a small amount 
of direct current, approximately one milliamj)ere, passes through the 
tube, which is insufficient for the relay to pick up. If a steel vane is 
insert(‘d Ix'tween the coils, their mutual inductance is changed, and 
the eciuilibriuni condition of inductive coupling is disturbed. Conse- 
(luently, the oscillation ceases, the grid assumes cathode potential, 
and the ciirr(‘nt through tlie tube jmiiiis suddenly to a value between 
15 and 20 milliampcres which causes tlie relay to pick up. Removing 
th(‘ vane rc'stores the original condition of inductive coupling be¬ 
tween coiK, tlie high frecpiency oscillation starts again, the d-c cur¬ 
rent through the tube drojis, and tlie relay dro])s out. 

By coordinating a moving oscillator with a stationary vane or vice 
versa, thc' pliotron unit can be used as a limit switch, causing the 
r(‘lay to pick up when a moving body has r(*ached a certain point in 
its trav(‘I. Pliotron oscillators have beem usc'd as leveling control 
units on ('levators. By mounting j>liotrou units on the car and sta¬ 
tionary vaiK'S in the hatchway, control impulses can be olitained 
as a function of (*iir position relative to a floor landing, which in turn 
are list'd to slow down and slop the car accurately and level with the 
landing. 

Like photoeh'ctric relays, ])liotron oscillators have the advantage 
that tlu'V are not subject to mechanical wear, and they can be used 
at travt'l spt'cds which would preclude the use of mechanically ojier- 
ated limit switches. On tlie other hand, there are certain limitations 
which must be considered. The spacing betwet'n coils is a little less 
than one inch, and the moving element must be well guided to pre¬ 
vent the vane from hitting and damaging the coils. As the relay 
coil is energized (ratluT than de-energized) in the limit position, 
relay coil failure is not a safe failure, which makes the pliotron 
oscillator undesirable as an overtravel safety stop. 
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CHAPTER 9 


RESISTORS AND RHEOSTATS 

Resistors arc uschI in control e(^uipinonts to introduce artificial 
voltage drops, to limit tlie voltage a])plied to a j)iece of apparatus, 
or to limit the current flowing in certain motor or control circuits. A 
resistor does iKjt have the ability to store energy. All energy absorbed 
by the resistor is instantly transformed into heat. If the voltage 
applied to a resistor is changed, the current through the resistor 
changes instantly according to Ohm’s law. Likewise, if the current 
through a r(‘sistor changes, the drop across the resistor changes 
instantly. 

In (h'sigmng a resistor for a controller, the following steps must 
be taken: 

1. l)(‘terminc tli(‘ i*(‘(iuir(‘d resistance in ohms. 

2. Determine tlu' n'quired current-carrying capacity. 

3. Select th(' type of resistor b(‘st suited to the specific application. 

The resistance to be used is governed by the effect it is desired 
to obtain in a motor or control circuit. The eff(‘ct of resistance on 
motor characti'i’istics is discuss(‘d in (1ia])ters 2 and 3. 

The resistance* of a resistor unit d('])ends on the specific resistance 
of material, its cross se'ction, and tlie length of the current-carrying 
])ath. The current-carrying capacity is (h'termined by the ability 
to dissij)ate the heat generated by the currimt flowing through it. 
NEMA s])(*cifies that the temperature rise of bare resistors shall not 
exceed 375 C, as measured by a thermocouple in contact with the 
resistive conductor, and the temperature rise of imbedded resistors 
shall not exceed 300 (’ as measured by a thermocouple in contact 
with the surface of the imbedding material. The temperature rise 
of issuing air shall not exceed 175 (\ as measured by a mercury 
thermometer at a distance of one inch from the enclosure. 

For industrial control work, the following types of resistors are 
commonly used: 

1. Cast iron and punched st<*el grids. 

2. Ribbon and wire wound units. 

256 
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3. Enameled win wnuiul units. 

4. Non-linear resistors, sueii as Thyrite. 

Resistor Classifications 

Resistors are subjeeted eitlier to eontiniious or to intermittent 
duty. Resistors and rlieostats for e<»ntiiuu>iis liuty are used j)rimarily 
111 generator or motor field eireiiit>, or in (‘ontrol eireuits. They are 
mostly wire wound units langing in eapaeity from a few watts to a 
few kilowatts. Oecasionally resistors are used for sj)eed regulation 
of small and medium-sized motors as armature or slip ring resist- 
anee. Ribbon-wound units and grids are then used, whieh are also 
>el(‘eted on the basis of eoiitinuous duty. Large motors are seldom 
u^ed with speed-regulating resistors becaiuse of the large loss of 
])()wer and the difficulty of dissipating the heat geiu'rated in the 
resistor. 

Most resistors used for control applications are selected on an 
iiitennitteiit-duty basis. A starting resistor, for instance, carries 
curiHut only during the starting cycle and is then short-circuited 
until the next start occurs. Likewise, resistors uscmI fo. ^peed con¬ 
trol of motoi*s oil iiitt‘rmittent drives cairy current onh* during a 
])ortion of the total duty cycle of the motor. If a resistor is carrying 
current for only a short jicriod of lime, most of the heat generated 
is absorbed in the resistance material, and little heat is dissipati'd by 
radiation or convection while the resistor is connetdocl to the jiower 
source. The mass of the resistor governs the amount of powiT it is 
ai)le to absorb in a short time. If the ri'sistor has to carry current 
for rejicated time intervals, with off jicriods in between, the ability 
of the resistor to dissipate' the lu'at and to cool (hiring the ofT pc'riods 
(let(Tinin('s the tein]K*ratur(3 rise obtained during r(*j)<*at(*d duty cycles. 

To select a resistor for a giveai controller, jiiiblished data from the 
manufacturer are used whieh give tlu' resistance in ohms and the 
(‘iinTiit-carrying cajiacity which obtains a temperature rise within 
XKMA limitations. AMien calculating the ohms reejuired, the de¬ 
signer shouhi keep in mind that eomiiK'reial resistors have a toler¬ 
ance of plus or minus 30 per c(‘nt from the nominal resistance. 

The jmblished current-carrying capacity is usually the amount of 
current which would produce a 350 or 375 0 temperature rise if the 
resistor were energized continuously. Sometimes the current-carry¬ 
ing capacity is given on a short-time basis, as the current which 
produces maximum temperature rise within a limited period of time. 
Although such data are of interest to compare various resistor de¬ 
signs, they do not form a satisfactory criterion for the application of 
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resistors beeause they do not include the ability to dissipate heat 
during; the off period. A satisfactory basis for application of re¬ 
sistors would b(* obtained if the current were known which, based on a 
definite time on and a definite time off, would produce the permissible 
temperature rise. 

NEMA lias established a standard resistor classification table 
based on two criteria. The first one governs current-carrying capac¬ 
ity. S(‘V(*ral duty cycles, consisting of a number of seconds on out 
of a total time cy^lc, are standardized. The second criterion specifies 
the apj)roximate current on the first controller stej), expressed in 
percentage of motor full-load current. It d(‘termines the total re¬ 
sistance of the resistor in ohms. Table 11 gives the standard NEMA 


TAHLE 11 

NEMA Standard UhsisToR ('lassikk’ations 


Appiox. 

:u) 


10 

15 

15 

15 

15 



S< 1 Otuls 

StTonds 

Src*oli<ls 

S<‘oonds 

Seconds 

S(‘condh 

SecondH 

Cori- 

Full-n<iud 

on out of 

on out of 

on out of 

f)n out of 

on out of 

on out of 

on out of 

tinuouh 

C'urn'iit on 

10m eh 15 

r.Moli KO 

Karli KO 

Larh 00 

nacli 00 

Kadi 45 

Each 30 

Duty 

KiTMt Coirit 

MinuO'h 

S«>('onds 

StMMIIuls 

>«*cond'' 

S*MM)Iuls 

Seconds 

Seconds 


25 

101 

in 

131 

1 11 

151 

101 

171 

91 

iiO 

102 

112 

132 

112 

152 

1(.2 

172 

92 

70 

103 

113 

133 

113 

153 

1()3 

173 

93 

100 

10} 

111 

131 1 

in 

151 

1(»4 

174 

94 

150 


115 

135 

115 

155 

1<)5 

175 

95 

li<M) utkI ovoj 

KNi 

no 

13«) 

no 

150 

100 

170 

90 


classifications. f]ach resistor classificatinn consists of thn'c digits. 
The first two digits designate the number of seconds on, out of a num¬ 
ber of seconds representing the duration of the duty cycle. These 
two digits are significant for the resistor capacity. The third digit 
gives the current on the first controller steji, which signifi(‘s the ohms. 
For exain])le, resistors classifietl as Ifil, 162, 163, etc., have the same 
capacity but dillei-ent ohms. Likewise, n'sistors classified as 141, 
151, 161, etc., have the same ohms but different cajiacity. 

To determine the NEMA classification rating of a given resistor, 
it is tested for temperature rise. NEMA has prescribed the follow¬ 
ing procedure. When a teni])erature test is made on a starting or 
intermittent-duty resistor without its motor, the resistor is connected 
to a voltage which obtains the initial inrush current specified. The 
steps are then cut out at equal intervals of time within the time-on 
period of the cycle specified. The voltage across the resistor is 
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adjusted so that the current is maintained at 125 per cent of full¬ 
load current for those steps through which 125 per cent full-load 
current can flow. The specified cycle is rej)eated for one hour. 
Tlii^ test docs not correspond strictly to actual operating conditions 
which obtain wiiile a motor is being started. 1 Miring each step of tlu* 
test, current is maintained constant, whereas under actual oj)erating 
conditions the motor current change's on each step, depending upon 
tlie character of the load. Although the XKMA classitications are 
hax'd on a simi)iifi(*d duty cycle which can easily be vt'rified by a 
temperature test, tlie control designer has to use judgment when 
ai)plying a re>istor to a specific duty cycle load. 

Resistor Application Data 

As a guide to the seh'ction of resistors for certain a})i)lications. 
XEMA has develojH'd the following table of classifications. Opeiat- 
ing experience' has shown that the classifications listed art' eorrec't for 
average installations, but there are excejMions in si)ecial I'ases. 


llloNO'l’s 

( Vn.s.s 

Coal Muk’n ((’o/d/aia d) 

C/«.ss 

('('iitnhijiJil 

\:vA a:} 

( 111 1« rs 

135 

('on>l!inl jin'.ssun* 

135-9.) 

( 'ni'slH’rs 

145 

Buck Pliinls 


Pans 

134 93 

Aujsc'rs 

1.35 

Hol^t^—slope 

172 

(’onv('y<)i> 

135 

—N ('rlioal 

162 

Dry pans 

1.35 


135 

1 * 111 !; milb 

1.35 

Picking (al)les 

1.35 

By-i)n)(lu(*t.s Plants 


Hofaiy cai dninpi rs 

153 

Door rnai'liino 

1.53 

Shakf’r screens 

135 

L('\ (’lor rani 

1.5,3 

('onipi essors 


Pnslior har 

1.5.3 

Constant sjx'ed 

1.35 

J{(‘V. niacliincs 

1,53 

Varying .s'ji(‘ed--cent i ifngal 

9.3 

(’onu'nt Mills 


— l)lung('r 

95 

('oii\ oyors 

13.5 

ConcH’tf' Mixf'rs 

1.35 

Crushors 

n.5 

Cran(’S, (h iK’ral Purpose 


Elevators 

135 

Hoist 

1.53 

Pot ary dr>'ors 

145 95 

Biidgi’—slf’evo l)(’aring 

1,53 

CJrinders, pulv(’riz('r'< 

1.3,5 

Bridge—roller Bearing 

1.52 

Kilns 

13,5-9.5 

Trolley—sleeve bearing 

1,53 

Doal and Or<’ liridg(*s 


Trolley—roller hearing 

152 

Bridge 

1.53 

Flour Mills 


C^losiDR 

162 

Lino shafting 

135 

Holding 

162 

Food Plants 


Trolley 

103 

Butter olmnis 

135 

Doal MiiK’s 


Dough mixers 

1,35 

Car hauls 

162 

IIoisN 


Conveyors 

1.35 1.5.5 

Winch 

1.53 
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Class 

Hoists (Contmued) 

Mine slope 

172 

Mine vertical 

162 

Contractor hoists 

152 

Larry Cars 

153 

Lift BridRos 

152 

Machine Tools 

BendiuR rolls 

163-164 

BoriiiR mills 

135 

Bull dozers 

135 

Drills 

115 

Gear cutters 

115 

Grinders 

135 

HohhinR machiiK's 

115 

Lathes 

115 

MilliriR machines 

115 

Presses 

135 

PuncliOvS 

135 

Saws 

115 

Shapers 

115 

Metal MiniriR 

Ball, rod, tube mills 

135 

Car dumper, rotary 

153 

ConvcM’ters, cojipc'r 

154 

Conv<‘yors 

135 

Cruslu'fs 

145 

TiltiriR furnace 

153 

Paper Mills 

Beaters 

135 

Calenders 

154 1)2 

T’lpe Working 

C^uttiriR, threading 

135 

Expanding, flauRinu; 

135-95 

Power i^lants 

Clinkf'r grinders 

135 

Coal crushers 

135 

Conv^'yors, belt 

135 

SCIV’W 

135 

Ibllverized fu(*l feeders 

135 

Pulverizers, ball 

135 

centrifugal 

134 

Stokers 

135-93 

Pumps 

Centiifugal 


Plunger 

135-95 

Bubber Mills 

(Calenders 

155 

eVackers 

135 

Mixing mills 

135 


Class 


Rubber Mills {Continued) 

Washers 

135 

Steel Mills 

Accumulators 

153 

Casting machines, pig 

153 

Charging machines 

153-163 

Coiling machines 

135 

(’onverb'rs, metal 

154 

Conveyors 

135-155 

CVam*s, ladle 

Hoists 

153-163 

Bridge, trolley 

rolh'T* bearings 

152-162 

sIe(‘V(‘ bearings 

153-163 

(''rusliers 

145 

Furnace doors 

155 

Gas valves 

155 

Gas wash('rs 

155 

Hot metal mixers 

163 

Ingot buggy 

153 

Kickoff 

153 

L( \ elers 

153 

Manipulators 

153-163 

Pickling machines 

CO 

Pders, slab 

153 

Hacks 

153 

Ib'elers 

135 

Saws 

155 

Scri'w dovriis 

15.3-163 

Shears 

155 

Shufik’ bars 

155 

Sid(' guards 

153-163 

Sizing rolls 

1,55 

Slab buggv 

155 

Soaking pit covers 

155 

StraightencTs 

153 

7\ibles, api>roaeh 

153 

lift 

1.53-163 

roll 

153 

shear approach 

153-163 

transfer 

153 

main roll 

153-163 

'Filting furnace 

153 

Wire strander 

153 

IVood \\'orkirig Plants 

Boring machines 

115 

Lathe 

115 

Mort iser 

115 



C^AST <;R11) kksistors 


26 ! 


Claiifi 


rood Working Plants < 

uftitnuf ti) 

Wood Working Plants 

(( 'an tin HVii) 

M older 

115 

Sander-* 

115 

Planerg 

115 

Saws 

115 

Power trimmer 

115 

Shn}>(‘rs 

115 

Power mitre 

115 

Sliinglo m.iehine 

115 


Cast Grid Resistors 

Resistance grids made of cast iron are among the oldest and most 
widely used types of resistors. Individual grids are east in a shape 
approximating a scpiare wave, with lugs in the end and in the middle 
to facilitate mounting. The resistance of eacli grid depends on its 
cross section, varying from 0.22 ohm to 0.01 ohm or less. Typical 
grids of large and small cross section are shown in Tig. TSO. 





B 

Fifi. 180. Cast end resistor.<. A. Individual grich B. As.«(‘mblr*d box. 
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Cfrids aro low in cost, but cast iron has low impact strength and 
grids of low cross section are likely to br(‘ak wlien subjected to 
vibration or sliarp blows. Although gri<ls of large cross section are 
usually not subject to breakage, even in rough service, grids of small 
cross section should be avoided when resistors arc exposed to jars 
and shocks, such as on cranes, chargers, or other moving machinery. 
As a general guide it may be said that cast grids having a con¬ 
tinuous current rating of 50 anii)eres or less should be used judi¬ 
ciously. In sciecting grid sizes, it should also be considered that grid 
breakage may occur during shipment from the factory to the point 
of installation, (‘V(‘n though care is exercised in packing cast grid 
resistors for shipment. 

C'ontrary to a widespread belied, cast grids are not easily damaged 
by corrosion. They will rust, and many cast grid resistors in actual 
installations ])i‘esent a not very clean appearance. However, the 
hard surface skin of the grids ])r(‘vents rapid progress of corrosion. 
^\’hen cast grids are exposed to attack of particularly corrosive 
atmos{)heres, such as salt water atmosjihere, corrosion resistance can 
l>e increased by alloying cast iron with a small amount of zinc, by 
zinc or cadmium j)lating, or by jiainting with aluminum jiaint. 

Individual grids ar(‘ stacked on insulated tie rods supported by 
slieet steel end frames. The whole asscmibly is called a box, as 
illustrated in Fig. 1<S0. (b’ids can be connected either all in series 
or in series parallel connections. At ])oints where it is desired to 
have contact between the ends of adjacent grids, soft copper washers 
are clamped bc'tween the lugs to insure low contact r(‘sistance. Mica 
washers are us(*d Ix'tween lugs where it is desired to insulate grids 
from (*ach other. Box sizt‘s are standardized to permit assembly of 
grids of various size in on<‘ box and to facilitate' stacking of boxes. 
Alany users jirefer to have grids of only one size in any box, to 
simplify stocking of sjiare resistors. Such boxe's are called urut boxes. 

(hist grid resistors are UM'd primarily wlii'ii low resistance and 
high currt'iit-carrying capacity are re(|uired. Their principal field is 
starting and s})eed control of medium and large-size motors. For 
small motors, they are uneconomical. Cast grid resistors, when 
energized continuously, re(]uire a long time to heat up to ultimate 
temperature. This lag makes them partieularly suited for appliea- 
tiims where resistors are subjected to occasional overloads, and the 
ability to store a considerable amount of heat presents a definite 
advantage. On the other hand, cast grids take a long time to cool 
because of the low ratio of surface to mass, and it must be considered 
when establishing the rating of a resistor on a short-time duty cycle 



PUNC'HKP STKEL GRID RESISTORS 263 

])Jisis. In Fif^. ISl the toiiiporaturo rise versus time curves for vari¬ 
ous amounts of current are ])lotte(l for a tyincal (*a>t jrri»I. One 
hundred per cent current is the continuous current rating producing 
350 C' ris(*. The cooling curve is also sliown. 



Fif.. ISl. IIoatiriK and cooling cuni's for a t\ i n*al casi p’id . ('ur\«' A: 

Ihatinp cin’NC' for 100 prr c('nt current. Onni' ii; <*ur\t* for 115 per 

(‘«'nt currc'nt. Cnrvo (’; Houtin}»: ^airvc* for 200 per (('iil cunml. ('iir\e J): C\)ol- 

in;? curx 


Punched Steel Grid Resistors 

PunclK^l steel grids are siinilar in construction and appiairancc to 
cast grids, exc(‘pt that tiie individual grids are not cast but i)unch(*(l 
out of sheet steel. Th(‘ resistance of eacli grid d(*p(*nds on the gage* 
of steel used and the grid width. Individual grids are assembh'd in 
boxes. Sliown in Fig. 182 are an individual grid as well as a com¬ 
plete box. 

As compared with cast grids, punched stead grids have* the follow¬ 
ing advantages. Since the resistance niate‘rial is more eluctile than 
cast iron, the grids are le‘ss subjead to damage by im])act. Punched 
•^teel grids weigh less than cast grids of eamiparable rating, an advan¬ 
tage when rosisteirs are mounted on meiving machine*ry. 

On the other hand, the cost of punched grids is higher tlian the 
ceist of cast grids. As their mass is le)we*r, punclie'd grids re'aedi thedr 
ultimate temperature faster than cast grids, and th(‘ir ability to 
absorb short-time overloads is less. As they cool faster, they arc 
about equivalent to cast grids, as far as their duty cycle ratings are 
concerned. 
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Ribbon and Wire Wound Resistors. 

Ribbon and wire wound resistors consist of resistance materials 
having a high degree of ductility. Copper-nickel alloys, stainless 




B 

Fig, 183. Edgewise wound ribbon rcfeistor. A, Individual unit. B, Aswembled 

box. 

iron, and nichroine arc the most commonly used resistance materials. 
As such resistors are not easily damaged by vibration and impart, 
they are often referred to as unbreakable. One design which has 
found wide use m steel mills and on lieavy duty equipments is 
illustrated in Fig. 183. A ribbon is edgewise wound over insulators 
assembled on a metal spacer, which givt's the unit rigidity. Four or 
^ix units are assembled in a box. Conneetions between units consist 
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Eks. 184. Edi;i\MbC and wiic wound lesi^tois *1 Induidual undh B A- 

somblcd box 
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of metal straps between tlu ends, whieli form the terminals. Units 
may be connected all in series or in series-parallel combinations. 

Another design is shown in Fig. 184. The resistance material, in 
the form of ribbon or wire, is wound on a ceramic body. Several 
units can be combined in a box. Wire wound units have high re¬ 
sistance and low current-carrying capacity, which makes them useful 
for small motor and field circuits, where they are more economical 
tliari either grids or edgewise wound resistors. 



I'll. 1S5. Iloating and coohnK curM's for :i tviuc.d wound ri'^istor. 

('iiiM' A: llcjCinji: cuiM’ lor 1(K) per <•('111 cmKiil ('i.tm' li Ili.iliiig ciirv i* fur 
IJ.') prr (•(‘III ( urr(‘nl ('ur\<' C: Hoal mg <'iir\ c for 1.50 pi i m nt iniiint ('ni\i* 
Jj Iloat 111 ^ 2 : <*iir\ (' lor 200 ]n r iciil cinii'iil (’ui\c ('oolniji ruTM'. 

Both ribbon and wire wound resistors arc somewhat less flexil)le 
tlian grids, in that the resistance of each unit is fairly large. It is 
not jiossiblc, as in the case of grids, to obtain a firu* adjustment by 
glutting connections from one unit to another. If it is cxju'ctcd that 
adjustments must be made at the installation, tap terminals should 
!)(' provided. These are terminals which are brazed to the re- 
^i^tance material so that connections can be shifted at the installa¬ 
tion by a fraction of a resi.stanee unit. Ta])s can be seen in Fig. 1S4. 

When ribbon wound resistors are used for large motors, it is neces¬ 
sary to connect several units in parallel to obtain tlu* recjuired 
(urront-carrying capacity. Caution must them be exercised because 
ef the manufacturing tolerance of plus or minus 10 per cent in the 
re^i«;tance of individual units. Units connected in paralh*! may not 
'll vide the current evenly, w^hich may result in overheating of some 
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units if they are applied on the basis of their full rated current 
capacity. It is advisable to use them only up to about 90 per cent 
of their listed current rating. 

As compared with cast grids, ribbon and wire wound resistors 
have less mass and less ability to store heat. They cannot absorb 
short-time ovei loads quite so readily. Much less tune is required to 
reach ultimate temperature ^\hen rated current flows. The time 
during which the temperature limit is reached with currents higher 
than normal is greatIv reduced On the other hand, the ratio of 
surface to volume is larger than for grids, and the spacing between 
units is huger Ribbon and vire wound resistors cool much faster 
than grids so that there is no appreciable difference between these 
types of nsistors m their suitability for duty cycle applications. 
Heating and (ooling curves for a t\pical edgewise wound lesistor 
are plotted in Fig 185 A coriipanson with Fig 181 indicates that 
the shape i)f tlu* cur\es is \eiy similar in both cases, but the time 
scale ol Fig lh5 is only one tenth of that used in Fig 181. 

Effect of Spacing 

The current lating of a u^istor is determined by the maximum 
temperatuie iis(‘ peiinitted bv NEMA standaids and the teiiijieraiure 

of the issuing an. The rating of 
a ic^istoi is influenced by the 
amount of air which may flow 
jiast it and cairy away the heat 
generated by the flow of current 
The ciiiient-( ai 1 vmg capacity of 
a resistor is higher when the 
icsmtor is well \entilated; con- 
\ ei sel> , the current-cai rying ca- 
pacity is reduced when the flow of 
air is le^tiicted. 

The current-carrying capacity 
of a resistor box dejiends on the 
spacing of the units or grids The 
(lo^ir the indiMdual units are 
•spaced, the more restricted is the 
flow of air Figure 186 shows the 
effect of grid spacing on the cur- 
lent-carrying capacity of punched steel grids. The current wdiich 
obtains NEMA temperature limits at inch spacing between grids 
is called aibitrarily 100 per cent The curve indicates the extent 



INCHES SPACING 


Fi(t 1S6 I'tTf (I of >?ti(l sj)iicm>? on 
cuncnt-taiiA mg ciipacitj 


EFFECT OF ALTITUDE d6d 

to which the current-carrying capacity is reduced by closer grid 
Spacing. 

Many resistors consist of more than one box. To save floor space, 
it is common practice to stack boxes vertically. Care must be exer¬ 
cised to allow air to flow freely through the resistor stack. Air 
rising from hot resistor units produces a chimney effect, resulting in 
^ 00(1 air circulation. It is necessary to provide adequate spacing 
between boxes to permit sufficient cool air to enter the stack. Com- 
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NUMBER OF BOXES IN STACK 


I’k.. 1S7. Kffect of spacinj? liohvoen boxes on current-carry capacity of re¬ 
sistors as shown in Fig. 1S4. C'urve A: <Sio-inch sjiacers bctwi’cn boxes. ('iirv(‘ 
H: 4^/4-inch simcers bitw^'i n bo\(*s. (hir\e (': 2-inch sj)acc'rs between l>oxes. 

Cur\’f’ J): No spac(*rs between boxes. 

j>aratively high cast grid and edgewise wound resistor boxes, as shown 
111 Figs. 180 and 183, can be stack(‘d six higli without spacers and 
without derating. When stacked higlier, the boxes must be spaced 
ajiart. Lower boxes, as shown in Fig. 184, must be derated or spaced 
a])art when any number of boxes are assembled in a stack. Figure 
187 shows the effect of number of boxes and spacing of boxes on 
current-carrying capacity of such resistors. Such curves must be 
determined by test, and tliey vary for different designs and makes 
of resistors. AVlien a resistor requires liigli stacking, rating data 
>liouId be obtained from the resistor manufacturer for the particular 
type of resistor used. 

Effect of Altitude 

When resistors are installed at high altitudes, the rarefied air is 
less efficient as a cooling medium than at sea level. Up to 6000 feet 
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the effect of altitude is neglected. For installation at altitudes 
between 6000 and 15,000 feet, NEMA standards prescribe the fol¬ 
lowing procedure for derat¬ 
ing resistors. Continuous- 
duty resistors are derated to 
75 per cent of their normal 
voltage rating. Intermittent- 
and starting-duty resistors 
arc applied on a duty cycle 
selected on the basis of the 
next higher ^^time-on^^ classi¬ 
fication (see Table 11). 

Enclosed Resistors 

Resistors are sometimes 
enclosed to protect them 
against accumulation of dirt 
or against damage by falling 
objects. On starters requir¬ 
ing comi)aratively small re¬ 
sistors, it is often convenient 
to mount the re^^istor in the 
back of the ])anel, making it 
unnecessary to mount and 
wire the resistor at the instal¬ 
lation. AYhen sucli panels are 
enclosed, the resistor is inside 
the enclosure, and j)recautions 
must be taken to avoid over¬ 
heating of the resistor or the 
pan(‘l. 

\Mien a resistor is mounted 
in a tight enclosure, which 
is sometimes necessary as 
protection against dust or 
weather, the heat generated 
in the resistor is dissipated 
only by radiation and con¬ 
vection from the surface’ of the enclosure. To determine wliether an 
('nclosure is suitable for a given resistor, the loss in the resistor in 
watts and the total cooling area of the enclosure in square inches are 
calculated. Assuming that the temperature rise of the air inside the 
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Cti^c to bp liiiutpd to 200C, to keep tlip tpniixitituro of the issuing 
an ImIow 175 C, the enclosing ca^c ran dissijiate between 1 and 2 



1 K 189 Fndosofl forced ventililcd re‘^i^tor with bark fo\ors n moved 


^'atts per square inch of cooling suifate The higher the case, the 
i^uater the clifferenee in temperature existing bttween tlu top and 
the bottom Thus the higher the case, the lower the watts per 
'^'quare inch dis^^ipation factor that «‘h()uld be u^^ed 
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If a resistor is uioiinted behind a ])anel enclosed in a tiglit case, 
it is necessary to limit the temperature in the front of the panel to 
avoid overheating of })anel devices. To determine the watts which 
can be dissipated by th(‘ enclosure, the j)anel should not be con¬ 
sidered as dissipating Iwat. The heat-dissipating area consists of 
the back, the top, and that part of the sides of the enclosure located 
back of the panel. To limit the temperature rise in front of the 
panel to 35 C, a dissipation factor of 0.4 to 0.5 watt per square inch 
cooling surface should b(* used. The higher tlie case, the lower the 
di8sii)ation factor. 

Resistor enclosures should be ventilated, if at all possible. Pro¬ 
viding side oj)enings near the bottom and near the top or leaving 
the top off altogether gives a good chimney effect. The best condi¬ 
tions are obtained when there are openings in both the top and the 
b(»ttom. W ith ample ventilating openings, the resistor need not be 
derated. Under favorable conditions, a ventilated enclosed resistor 
may run cooler than an open resistor operating uixler the same service 
conditions. Figure 1S8 shows an enclosed resistor mounted on top 
of an enclosed control panel. The top of the resistor emdosure is 
open, and ventilating openings are cut in the front and back sheets. 

Still better cooling is obtained with forc('d ventilation by a fan or 
blower. Resistors can then be used for currents considerably higher 
than their normal rating. The amount of power that can be dissi- 
])ated depends on the amount of cooling air flow used. Uniform 
flow of air through all resistor sections must be insured. Figure 189 
is the rear view of an enclosed forced ventilated resistor. The back 
covers are removed to show the arrangement of resistor boxes and 
baffles which distribute the flow of air. 


Duty Cycle Rating of Resistors 

When a resistor is subjected to a definite short-time duty cycle, 
which is repeated indefinitely, the ecjuivalent rms current can be 
calculated. The rms (root mean s(juare^ current is the continuous 
current which would product* the same heating as the actual current. 
In Fig. 190, b, in, iiu etc., are the currents flowing during time inter¬ 
vals /i, fo, /a, etc. With T being the total duration of a cycle, rms 
current Irmm is determined as follows: 


7 - 

‘ I nw — Y 






T 


(65) 


A resistor can then be selected having a continuous current rating 
equal to or larger than the rms current, /r„m. 



DUTY CYCLE RATING OF RESISTORS 273 

This method of determining resistor rating is permissible as long 
as the cycle is short as coinjiared with the thermal time constant of 
the resistor and the off periods 
jr(‘ a small portion of the total 
rycle. If the off period is long 
a.'- compared with the on period, 
it is necessary to consult test 
(lata on existing resistor designs, 
a> tlie rate of heating and cool¬ 
ing and the ability of the resis¬ 
tor to absorb overloads of short 
duration play an important role. 

If a duty cycle consists of a 
<hort current peak followed by 
a long off ]>eri()d, the calculated 
rms current may be so low that 
a resistor selected for that current rating overlieats durimr the cur¬ 
rent })eak. 

In Fig. 191 a curve is ])lotted whidi gives the curn*nt-carrying 
capacity of a cast grid resistor in }>ere(‘ntage of its continuous cur- 
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RELATIVE TIME ON 

Fi(;. 191. Current-carrying capacity of cast Krid resistors on stjort duty cycles. 

rent rating when subjected to short duty cycles. The abscissa is the 
iT'lative time on, that is, that j^ortion of the total duty cycle during 
which the resistor carries current. On the time scale the points are 
marked which correspond to standard NKMA duty cycles. Although 
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from duty eycJe diugnini. 



274 RESISTORS AND RHEOSTATS 

the curve shown applies to a particular resistor, equivalent curves 
can be drawn from test data for other resistors which are of similar 
shai)e, although the actual current values differ somewhat between 
resistor types. 

Enameled Resistors 

Small r(‘sistors, which are used in control circuits, are mostly wire 
wound units. The resistance wire is wound on a ceramic tube. The 
whole unit is then dii)pt‘d in vitreous enamel and fired. This vitrifies 
the enamel and giv('s the unit a hard glazed surface. The enamel 
serves to hold tlu' resistance wire in place and to protect it against 
corrosion and iiK'clianical injury in handling. 

Knameh'd resistor units are available with resistance of a fraction 
of an ohm uj) to several thousand ohms. In size they range from 
small units rated a few watts u]) to a])out lot) watts. Figure 192 
illustrat(‘s th(‘ vari(‘ty of sizes and shap(‘s that can be obtained. Taps 
may be f)r(A'ided for adjustiiieiit or a strij) of wire may be left bare 
of enaiiK'l to pcTinit adjustment by a sliding contact. Different 
terminals and mounting feet can be attached to the resistor tubes, 
such as h'rniles or screw ba^es. As the ceramic tulx's can be broken 
easily by careless handling, dr()p])ing of tools, etc., enanialed re¬ 
sistors are oft(‘n protected by a sheet metal cage if they are mounted 
on large control f)anels. Such a cage type unit can be seen near the 
center of Fig. 192. 

Rheostats 

A rheostat i.s a resistor provided with na'ans for varying its re¬ 
sistance readily. Itheostats are used princi})ally in field circuits of 
motors or g(Mierators for the control of spetul or voltage or in control 
circuits. Numerous styles and sizes are availabh*, dep(*n(ling on the 
total resistance retpiired and their current rating. The size of a 
rh(‘ostat depends on the eiuM’gy which it must dissipate. It is deter¬ 
mined by the characteristics of the machine with which it is used 
and the re(|uir(‘d speed or voltage variations. 

Once the amount of resistance recpiired has been ascertained, 
the current can be calcidated which is obtained with all resistance 
inserted (minimum current I and with all resistance cut out (maxi¬ 
mum current I. A convenient way of rating rheostats is by sumtnation 
irattfi, which is the resistance in ohms, multiplied by the minimum 
current, multiplied by the maximum current. 

Alany forms of rheostats are laiilt. Small rhco.^tats, as used pri¬ 
marily in control circuits, consist of a ceramic bodv on which th(’ 
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Fig 192 Vitrcoub enameled nsi'atoi units 
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bare resistance wire is wound. A brush, c^mnected to a rotating 
arm, slides over the wire and permits adjustment of resistance. 
Such rheostats have given excellent service when pro])erly applied, but 
there are two limitations. As the brush slides on the wire, there 
is a limit to tlie amount of current that can be commutated by the 
briish. With high rh(‘ostat resistance, the cross section of the wire 
becomes very small, and the brush may wear through the wire if too 
fine a wire is used on rheo^^tats that are frequently operated. 



Fki 193 Plate tvpc rhoo^'tats 


Rheostats for medium and large-^ize motor fi(‘lds are built as a 
face j)late with buttons or segments, to which n'sistor elements are 
connected and over winch the brush sllde'^. llmluT currents can be 
commutated, and wear occurs on the heiivier contact pieces rather 
than on the resistance material. So-called plate rhrostat.s have a 
metallic face plate, which is filled with ceramic material into which 
the resistance ware is imbedded. The resulting sturdy construction 
lessens the danger of brcaikage. Such a rlu‘ostat is showm in Fig. 193. 
It may be mounted either on the front of a control panel or in the 
back of a panel with the oiuTating handwheel ]n’otruding through the 
front of the iianel. Still larger rlieo'^tats are built as a panel with 
one or several rows of contact buttons, over w^hich a contact arm 
sw'eeps. The resistance elements are built into a separate assembly. 

Large rheostats may become rather bulky and hard to operate by 
hand. Motor-operated rheostats use a small julot motor to turn the 
rheostat contact arm. permitting remote ojieration of the rheostat by 
means of a small pilot device. Manual as wxll as automatic opera¬ 
tion is possible. Figure 194 illustrates a rheostat consisting of a 
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frame in which the resistance elements are mounted. The panel with 
the buttons is fastened to the front of the frame. A small pilot motor 
turns the contact arm through suitable gearing. Limit switches open 
at the ends of travel in both directions to prevent oveidriving of the 
rontart arm. For emergency, a handwheel is provided to turn the 
riicostat arm by hand. 



A 


PILOT MOTOR CONTROL SWITCH 



REV FLO RES REV LIMIT REVERSE 
CONNECTIONS OF PILOT MOTOR CONTROL 

B 


I k.. 194. rhooslat. A (IciifTal \ifw. B. ('oiukm'Iioiih of pilot 

motor control. 

Pilot motors arc cither sj>lit-fi(‘ld d-c scries motors or a-c universal 
motors. The lower part of Fig. 101 is a diagram of a simple manual 
control for a rheostat julot motor, (dosing the forward or reverse 
control switch energizes the pilot motor through either field, thus 
^el(‘eting the direction of rotation. Adjustable resistors in series with 
both fields permit adjusting the speed of rheostat travel independently 
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in both directions. Limit switch contacts cut off the motor at the ends 
of travel. 

To select a rheostat for field control of a motor, it is necessary to 
know the cold resistance of the shunt field and the field current at 
maximum speed. Cold resistance of the field is used to make certain 
that niaxinium speed can be reached before the motor has 'warmed 
up. The total resistance recpiired in the rlieostat is equal to line volt¬ 
age divided by w(‘akened field current, minus field resistance. When 
dividing the total resistance into steps, it is most desirable to calculate 
eaeli rheostat point so as to obtain equal spe(‘d increments per step. 
Equal ohms j)er division obtain sufficiently uniform si)eed increments 
per step for most practical purposes. If a higli degree of uniformity 
is desired, resistance stei)s are calculated from tlie motor speed versus 
field current curve, obtained from the motor designer. 

However, when a rlieostat is laid out with eipial ohms per step, the 
watts dissipation ])er st(‘p at the high current end is considerably 
larger than at tlu* low current end, resulting in an inefficient utiliza¬ 
tion of the resistance material. Best utilization of resistance material 
would be obtained if e(|ual watts were dissipated per step. This in 
turn would obtain v(‘ry un(‘(iual speed incnanents jxa* st(‘i). To arrive 
at a practical layout of a motor fu'ld rheostat, a conijiromise must be 
made between most d(‘sirable speed variation and most economical 
layout of resistance per st(‘p. Expc'rience has shown that a G-to-l 
taper between tlu' low-current ends and the high-currcait ends obtains 
satisfactory sp(‘ed control for av(*rage installations. By a fi-to-1 taper 
is meant that the last st(‘j) of the* rheostat has six tim(‘s the resistance 
of the first step. 

lUu’ostats for tlu* control of generator or ('xciti'r fields an* laid out 
along similar lines. An ideal generator rheostat would (jbtain equal 
voltage changt* per division. When working on the straight-line })or- 
tion of the g(*nerator saturation curve, c‘(|ual resistanc(* steps corre¬ 
spond to etpial voltage steps. As .saturation sets in, tlu* resistance per 
step must be increastxl to conform to the sluqH* of the saturation curve. 
When definite* re([uirements of (‘(pial voltage change i>er step are to be 
met, the no-load and full-load saturation curves m\ist be considered 
over the full voltage range. 

Field rheostats for self-excited generators are s(*lected so that the 
no-load voltage can be reduced to one half rat('d voltage. For gen- 
(*rators with separately excited shunt field, tlu* rheostat shotdd have 
sufficient resistance to reduce the no-load voltage to S5 j)er cent of 
rated voltage. 
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Liquid Rheostats 

Resistors and rheostats, using a liquid saline solution as resistance 
material, have been widely used in Europe because of their compara- 



Fig. 195. Liquid hlip rrs'diitor. 


lively low cost. They have not become popular in the United States, 
as their maintenance is high. However, in certain special cast's they 
have been used successfully in this country, es[)ecially as slip regu¬ 
lators for large w^ound rotor induction motors driving flywheel motor 
generator sets for adjustable-volt age systems, particularly for steel 
niill drives and mine hoists. 
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The purpose of a flywheel set is to equalize sudden variations i.i 
load. During peak load demands the flywheel is discharged. Whilt 
the load is below average, the flywheel is charged again. If power 
is to be taken from the line at a uniform average rate, the slip of th(‘ 
induction motor must be varied over a certain range determined by 
Wk^ of the flywhe(‘l and the load in wattseconds which the flywheel is 
rated to deliver. The variation in slip must be closely controlled as a 
function of load. Liquid slip regulators are used to vary the secondary 
resistance in a ])ractically infinite number of steps. 

Slip regulators are large pieces of apparatus. A typical design for 
a 4000-hp motor is illustrated in Fig. 195. Dimensions are 11 feet 6 
inch(‘S high, 10 feet 3 inches wdde, 4 feet 3 inches deep. A steel tank 
containing the haline solution is subdivided into three compartments, 
corresponding to the three rotor phases. Stationary electrodes in the 
bottom are connected to the motor secondary terminals. Movable 
electrodes, suspended from a cross bar, form the wye point. The dis- 
tan(‘e betweem stationary and movable electrodes is a measure of re¬ 
sistance i)er phase. The actual resistance in ohms is determined by the 
physical dimensions and the concentration of the solution. The mov¬ 
able electrodes are counterweighted. A tonjue motor, actuated by the 
current in the induction motor stator circuit, raises or lowers the elec- 
tnxles to maintain constant line current. 

Because of th(‘ large amount of heat generated by the PR losses in 
the regulator, the solution must be cooled. It can he done by building 
cooling coils into the tank or by circulating the solution through an 
external cooler. 

Thyrite Resistors *• 

Thyrit(‘ is a non-linear resistance material in which the current 
varies as a pow(T of the a])plied voltage. It has found important 
applications as a protector to limit voltage surges, as a stabilizer in 
circuits supjilied by rectifiers, as a potentiometer with voltage division 
nearly independc'ut of load current, or for tin' control of voltage selec¬ 
tive circuits. In the industrial control fiehl, Thyrite is used primarily 
as a prott'ctor, to reduce voltage surges when inductive circuits are 
interrupted. 

Thyrite is inad<' by pressing silicon carbide with a suitable ceramic 
binder at high pressure, followed by a firing operation at approxi¬ 
mately 1200 (\ Kh'ctncal contact is made to Thyrite through a metal 
coating sprayed on the surfaces. Shown in Fig. 196 are discharge re¬ 
sistors, mad(' of Thvrite, in various sizes. Small units are mounted 
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„n brackets, larger disks are assembled on a bolt, which mounts in a 
hole in the control panel. 



Pig. 196, Thj'iito di'Nfhai^t* it'^istois 

The volt-ampcre eharaetcristic of a Tliyrile resistor (an 1 j(> ex- 
j)lv^^e(l as follows: 



= Ki^ 


((>()) • 


\vher(* i = instantaneous a-c or d-e current ))ass(Hl hy Thyritc^ 

( = instantaneous a-c or d-c \oltag(‘ a])i)li(‘d fo ^rh> rite, 
r = a constant (volts at one aini)ere), 

A" = a constant (amperes at one ^olt), 
n = an exponent. 

Constants c and K doi)en(l on the revivfivity and the dimen*^ions of 
the particular resistor under coiiMderation. Kxjxnient u (h'jxaids upon 



various factors in the manufacturing process, and it varies between 
> i and 7. The volt-ampere characteristics of tyjiical Thyritc units 
are shown in Fig. 197, in comparison with a one m(*gohin linear re- 
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sistor. The effect of exponent n can be explained by the following 
example. When the voltage across a linear resistor is doubled, the 
current through it increases by a ratio of 2. Doubling the voltage ap¬ 
plied to a Thyrite resistor increases the current by a ratio of 11 if 
n = 3.5 and by a ratio of 128 if n - 7. 

When a Thyrite resistor is connected in parallel with a motor or 
generator shunt field, a negligible amount of current flows when normal 
voltage is applied to the field. When the field circuit is interrupted, 
the Voltage across the field terminals and the Thyrite resistor rises 
rapiflly. If th(‘ Thyrite resistor is selected so that at four times normal 
voltage normal field current can flow through the Thyrite, the voltage 
rise across the field terminals is limited to four times normal voltage. 
In a 250-volt fu^ld this would correspond to a maximum of 1000 volts, 
whicli is considered a safe value for standard d-c machines. 
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CHAPTER 10 


CONSTRUCTION OF CONTROL PANELS 

To make up a magnetic controller, individual contactors, relays, 
switches, circuit breakers, instruments, and sundry accessories are as¬ 
sembled and interconnected on a control panel. On large equipments, 
control for a multiplicity of motors may be combined on one panel. 
Interconnections between devices are less expensive when made on a 
panel in the factory than wluai run through conduits at the installa¬ 
tion. Better testing facilitii's are available in a facto^'v than at a 
construction site, and comiilicated interconnecting wiring can be 
tested in less time and at less exjiense when it is on a panel. The 
trend is to combine as many d(‘vices as ]K)ssible on jianels rather 
tlian to purchase individual devices and assemble them into an inte¬ 
grated controller at the installation. 

According to the method m which tlu^y are mounted, panels can 
be divided into the following ty])es. 

Wall mounted (small panels). 

Built-in (special, jiarticularly for machine tooB). 

Floor mounted (largt* jiaiu^ls). 

r3epending on the manner in whi(‘h control panels are constructed, 
the following classification can be made: 

Open panels. 

Frarnewmrks. 

Enclosed panels. 

Control desks. 

Packaged controllers. 

Oenerally speaking, any panel con'^ists of a base or bases, on w’hich 
nulividual devices are mounted, and structural supi)orting members. 
Before various methods of constructing i)anels are described it is well 
to discuss general features common to all jianeLs. 

Choice of Base Material 

Materials used as bases on industrial control jianels are steel, slate, 
and ebony asbestos compound. 
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Cold-rolled steel sheets Mo, % 2 , and Ys inch thick are used priu^ 
cipally as base material for manually operated pilot devices, such a- 
push buttons and control switches. Steel panels can be grounded 
easily and thus all structural device f)arts, which do not carry current, 
and operating handles are at ground potential. This grounding in¬ 
sures safety to the operator since any breakdown of the insulation 

between current-carrying parts and 
oi>crating liandlcs results in a fault to 

.. ground, and no parts that must be 

^ touched by the operator can be above 

ground potential. Figure 198 is a typ¬ 
ical floor-mounted steel panel contain¬ 
ing a number of control switches and 
indicating lights. 

^ > There is a growing trend toward 

building small and medium-size con¬ 
tactors and relays as self-contained 
devices, suitable for mounting on steel. 
Steel is being used more and more as 
a base material for magnetic control 
panels, its sidection being governed 
larg(*ly by manufacturing considera¬ 
tions. Steel bases can be machined 
easily. Round and irregular holes can 
be punche<l, and machine tools are 
available to punch slieet steel econom¬ 
ically. Steel a^ a base material has the 
advantage ()f not being damaged by 
shock or vibration. In designing a 
st(‘el ])anel, care must be taken to in¬ 
sure' sufficient rigidity. On large panels, 
the edges an' bent in and welded at 
the corners so that the base is pan 
shaped. If necessary, reinforcing ribs are welded to the back to 
])revent the weight of devices from buckling the base. 

Slate and ebony asbestos compound are insulating materials, and 
current-carrying }>arts can be brought in direct contact with the base 
mat('rial. Many magnetic devices are designed so that current-carry¬ 
ing studs are used as mounting studs, and the base material provides 
the insulation between devices and to ground. When devices are laid 
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out on n panel, the niiniinuin (listunees l)<*tw(H*n rurront-enrrying parts 
of opposite potential anti to ^roiiinled pjiiud supports must eonforin to 
Table 17 (page 398). 

Slate is a natural roek jiroduet, obtained by ipiarry mining. The 
ejuarried slate is split to tlie desired thickness and cut to size at the 
mine. Natural slate may include metallic veins, whicli form con¬ 
ducting paths. When slate is selected for j)anel bases, any slate with 
metallic veins imbedded in it must be eliminated. 

Ebony asbestos compound is a syntlietic material, including asbestos 
fiber. It is made by a hot-])ressure molding process, aiul it is furnished 
by the manufacturer as sheets with a thickness up to 2 inches and in 
sizes up to 96 inches by 48 inches. Because it is a synthetic materia!, 
the uniformity of its composition is easily controlled and metallic in¬ 
clusions are absent. 

A comparison of the physical properties of slate ami ebony asbestos 
is given in Table 12. TIktc is not a great deal of dilTereiice in projier- 


TAHLK 12 


(\)MPARlSON OF PhySK’AL PkoPFKTIFS OF SlATF ANI> EliON^ AsRIOSTOtt 

CoMPOCNl) 


Base .\f at (rial 


Property 

l)i(*le(‘tric strength, approximately 

I iiipedaiice, rclat ive 

l)a*lectric loss, relative 

Max. mniperature 

Wiitwr absorption in 24 hours 

Vre resistance 

'I'ensile strength 

'IVansviTsc* strength 

C\)m})ressive strength 

liupaei strength 


Slate 

25 volts per mil 
1 

20 

abovt* 2(K) C 
0.15 to 2% 
good 

3,<KK) lb s(j in. 
9,500 lb s(i m. 
10,250 Ib/sq in. 

Test results (*rratie, 
lik(‘Iy to 1 m* 


Ebony Asbentint 
50 volts per mil 
() to 8 
1 

l(K) C 
0 . 1 % 
poor 

2,0(K) lb .sq in. 
4,000 Ib/sq in. 
15,(MK) Ib/sq in. 
but slate more 
britth*. 


ties between the two base materials, and both are used extensively 
for industrial control panls. The following considerations mtiy influ¬ 
ence the choice between base materials for a specific application: 

1. Ebony asbestos is easier to machine than slate. Care must be 
exercised in the drilling of slate, as holes chij) when the drill 
passes through the slate. Slate bases should ahvays be drilled 
from the front. Ebony asbestos bases may be drilled from the 
front or the back. 
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2. Ebony asbestos absorbs less moisture than slate. For this reason 
ebony asbestos is tlie preferred base material if panels are in¬ 
stalled over or near an opc^n body of water or in a humid atmos¬ 
phere. 

3. Slate is more brittle than ebony asbestos, which makes slate less 
desirable for panels subject to vibration or shock. Slate panels 
are more likely to be damaged by rough handling in transit or by 
dropping during shipment. 

4. If an arc* travels along the base between conductors of opposite 
polarity, slate is not decomposed by the arc. To re-establish 
the original insulating strength, it is merely necessary to wipe 
the arc path clean with a rag. Ebony asbestos is carbonized 
by the are, and the carbon particles form a conducting path. To 
H'storc tlie insulating })r()j)erties of the base, the carbon path 
must b(‘ r(‘moved by chipjnng or grinding. If conducting dust is 
likely to settle on a ])anel, with the resultant danger of arc-overs, 
slate is the ])r(‘ferred base material. For this reason, many steel 
mills insist on slate bases and refuse to accept ebony asbestos 
bases. 

Panel Wiring 

Most panels are wired in the back, although panels with backs 
that are inaccessible after th(‘y are installed may have to be wired 
in the front. Back-of-j)anel wiring is preferable from a manufactur¬ 
ing point of view. It is also preferable from the user’s point of view 
since it leaves the front of the panel clean and makes it easier to serv¬ 
ice panel devices. Figure 199 is the back view of an open panel, show¬ 
ing control wiring, bus work, and terminal boards. The control wir¬ 
ing is laid on the bases and held in ])lace by cleats. To jiermit sepa¬ 
rating the panel into sections for shipmc'nt, control wiring between 
panel sections is terminated at terminal boards on both sides of the 
vertical jianel splits. Outgoing control connections are brought out 
to terminal boards at the bottom to facilitate connection of custo¬ 
mer’s control cabl(*s. On the panel shown, outgoing power connec¬ 
tions are also terminated at ]Knver terminal boards. This arrange¬ 
ment makes it easy to bring power cables to the panel at the installa¬ 
tion, especially in view of the large number of motor connections in¬ 
volved. However, the use of power terminal boards is not a generally 
accepted practice; in most cases power cables are connected directly 
to device studs on the panel. 

For an example of a front-wired panel, see Fig. 200. This panel is 
fitted at the installation into the column of a machine tool, and the 
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Fig 199 Back mctv of open control panel -ho\sing control wiring, b work, and terminal board- 
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back is not accessible. To support the wiring and for neatness of ap¬ 
pearance, a wiring trough is used which runs through the center o: 
the panel and collects all vertical runs of control wiring. Terminal 
boards at the top and bottom take care of outgoing connections. 



Fid. 200, Fiont-win'd control piinol. 

Control connections on the panel are made with solid or stranded 
switchboard wire havinp; a non-rubber insulation and an outer flame- 
resistant covering;. Solid wire is somewliat easier to form and to sup¬ 
port in straijz;ht runs. However, when stripping the insulation, the 
wirernan may nick the wire, which is then likely to break under vibra- 
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tion. Panels mounted on moving structures, for instance cranes, are 
preferably wired with stranded control wire. No. 12 B & S gage wire 
luis been generally accepted as a standard fc»r control wiring. For 
punels built under wartime restrictions, No. 14 B S gage wire has 
been substituted. On swinging panels, extra-flexible No. 16 B <fe S 
gage wire is used for control circuits carrying 5 amperes or less. 

Power circuit connections are nifide either by bare cojijier bus bars 
or by insulated cable. Copper bus bars ar(‘ less exi>ensive to inanu- 
factiire, but they are more difficult to support in long runs tlian cables, 
wliich may be bunched and laced together. The choice between bare 
coj)j)er and cable for power wiring is largely governed by manufac¬ 
turing convenience. 

Copper busses are made of flat or round coppcT bars. In Table 13 
the continuous current-carrying capacity is given for co})per bars of 

TABLE 13 


Cijrrent-Cakkyin(j C'apa<'ity of IUrk (^oimm.r Barh 




Hound ('opfHT 

Continuous 

liecUmgulaT Copper Bar 

('ontmunus lint- 

Bar 

Rating in 

Stze in Inches 

ittg m Ampvnn 

in Inches 

A KifKrcs 

Vshy 3^ 

80 

j r> 

00 

Vshy Vi 

150 

M 

130 

Vs by 1 

300 


220 

ys by IX 

370 

Yz 

330 


440 

‘‘8 

440 

H by 2 

570 


500 

»16 by IX 

520 

1 

820 

he by 2 

7(K) 



Mby m 

0(K) 



«by2 

800 



X by 2X 

HKK) 



Mby3 

1200 



X by 4 

1500 



2 X ^ by 4 * 

2400 



3 X by 4 • 

2800 




* With Ji-iiich spacing between bars. 

various sizes. The current rating applies to installation of busses in 
the open, with free air circulation around the bars and a permissible 
temperature rise of 40 C. An exception are the twuj smallest sizes of 
bars, % inch by % inch and % inch by % inch. The current rating 
of these tw’o sizes is determined by the retiuircments that a bar shall 
have a width of at least twice the diameter of the stud to which it is 
eonnected. 
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The current-carrying capacity of insulated cables is listed in 
Table 14. Ratings are based on the assumption that a single-con¬ 
ductor cable is used in free air. Two current ratings arc listed. TIk- 

TABLE 14 


Current-Cahrying (Capacity of Cables on Panels 



Continuous 

A-C Motor 
Continuous 

Cable 

Capacity in 

Full-Load Cur¬ 

Size 

A mperes 

rent in Amperes 

No. 14 

20 

18 

No. 12 

30 

25 

No. 10 

54 

35 

No. 8 

71 

50 

No. 6 

99 

70 

No. 4 

133 

100 

No. 2 

179 

140 

No. 0 

245 

190 

No. 2/0 

284 

227 

No. 3/0 

330 

204 

No. 4/0 

383 

300 

250,000 cm 

427 

342 

5(K).000 cm 

000 

528 

750.000 cm 

840 

077 

1,0(K),0(K) cm 

1000 

800 

1.5(K),000 cm 

1200 

1010 

2,000,000 cm 

1470 

1180 


second column dcsignatc's the continuous current-carrying capacity 
as sp(*cified by tlie National p]l(*ctric Code for <*otton braided switch¬ 
board cable. An exception are the current values given for No. 14 and 
No. 12 wire, whicli are below the National Electric Code values. The 
third column of current values coordinates cable size and size of a-c 
motor in whose ])riinary ]R)vver circuit the cabh' is used. The National 
Electric C\)de recpiirc's that the current-carrying capacity of the cable 
is e(pial to at least 125 per cent of the continuous motor full-load cur¬ 
rent. Furthermore, the cable must be large enough so that it will not 
be damaged by either a short circuit or the stalled motor current 
which would blow a fuse having a rating of four times motor full-load 
current. The current ratings given in Table 14 must be reduced by 30 
per cent when cables are bunched together. 

When cables are used for power connections on a panel, considera¬ 
tion must be given to the choice of cable terminals. The available 
types, as illustrated by Fig. 201, are soldered terminal lugs, solderlcss 
connectors, and brazed terminal lugs. 
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Soldered terminal lugs arc least expensive, and the connection is 
very satisfactory, provided a thorough soldering job is done. The 
skill and care of the workman influence 
tlie quality of the soldered joint. A 
poor joint with insufficient penetration 
of the solder may come apart when 
the cable carries load and heats up. 

This disadvantage is overcome by 
solderless connectors winch depend on 
a mechanically clamped joint between 
cable and terminal. Various tyi)es of 
^•.(Ideiless connectors with an excellent 
se rvice record are on tlie market. They 
are somewhat more expensive, and 
they may work loose under vibration. 

A brazed terminal consists of a lug 
wliich is j)ressure brazed to the end of 
tlie cable. The cable strands are fused 
together, forming a solid mass that is 
fused to tlie lug. AVith a properly 
de>igned fixture, the brazing process is 
ind(*pendent of the skill of the work¬ 
man. Although the brazed terminal 
has a less neat appearance than the 
c»th(T terminals, it jirovirles the most ndiable connection, both elec¬ 
trically and mechanically. 

Open Control Panels 

Floor-mounted panels are supported by pipe or angle iron uprights. 
Angie iron suj)])()rts have come into gr('at(*r use in n'ctait yi'ars, jiri- 
marily because multi-section panels can b(‘ sjilit uj) more easily and 
angle iron supports fit better into enclosing cases. A support of popu- 
ular size is inches by 2% inches angh‘ in luaghts of (>4 incht's, 76 
inches, and 90 inches. Small jianels, suitable hir wall mounting, have 
‘supporting feet attached to (*ach coriuT. Panels for assembly in cavi¬ 
ties of machinery are usually supplied without any supports, and 
they are mounted on pads or studs forming i)art of the machine frame. 

AVhen devices arc laid out on a control panel, the horizontal spac¬ 
ing of devices is governed by minimum clearances established by the 
rnderwriters, given in Table 17 (page 398). Vertical spacing of con¬ 
tactors has to allow for sufficient di.stance between rows to prevent 
arcs from striking the contactors of tiie row above. Panels should 



Fu;. 201. Terminals for power 
cables on control panels. A. 
SoI(lcr(‘d terminal lug. /^. Sol- 
dc'rlcss coniH'clor. (\ Brazed 
t('rininal lug. 
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not be filled down to the bottom, but at least 4 inches should be left 
between the floor and the bottom row of devices to permit sweepini^ 
of dirt from under the panel. Instruments should be arranged at eye 
level, and switches should be located so that an operator can reach 
them without stretching or bending down. 

The arrangement of contactors is largely governed by the layout 
of power cables or bus bars. The fewer bends and crossings there 
are in the power wiring, the better the wiring job. Although a control 
panel is utilitarian rather than artistic, an orderly and well-balanced 
appearance assists the servicing electrician in orienting himself and in 
identifying the functions of the panel devices. Especially on large 
panels controlling a multiplicity of motors, a logical grouping of de¬ 
vices is of great assistance to maintenance men. 

Each control panel {presents its own problems, and no general recipe 
can be given on how to lay out panels. A point often overlooked and 
which cannot be sufficiently emphasized is the design of the back of 
the panel. Behind a largo panel, a great many power and control con¬ 
duits have to be arranged, and the control designer should find out 
the details of the installation work. Where to locate terminal boards, 
how to arrange for incoming and outgoing power cables, what facilities 
to provide for support of the contractor’s cables, those are problems 
which should be studied jointly by the control design engineer and the 
installing contractor. The best solution will be obtained if the design 
engineer and the contractor cooperate closely in determining the de¬ 
tails of panel design. 

Panel devices should be marked both in the front and in the oack. 
It can be done either l)y engraved nameplates or by i)ainting the de¬ 
vice designations used on the connection diagrams directly on the 
panel base. All outgoing power and control connections must be 
permanently marked, to agree with the connection diagram, by indel¬ 
ible stencils or stampings. 

Open Frameworks 

On large installations involving control of a multiplicity of correlated 
drives it is advantageous to combine a number of panels in a frame¬ 
work and to mount resistors, transformers, and other contingent equip¬ 
ment in the framework. A typical example is the framework of Fig. 
202, which contains two rows of panels, mounted back to back. Re¬ 
sistors and other extraneous equipment are mounted on top, on both 
sides of a catwalk. All connections are made in the factory. At the 
installation the panel is ^et in place, fastened down, and the only con- 
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nections to be made are inruiniiig lines, motor loads, and outgoing 
control leads. Installation time anil expense are greatlv reduced 
tliereby- 



Fig. 202. Open panel framev^ork two row^ of pjnr Is 


Another example of a panel frani(‘\\()ik is pven in Fi^. 203. It ac- 
c'ominodates one row of panelb, with a bus structure overhead and re- 
"'istors on racks in the rear. This metliod of construction obtains a 
C'ltan and unobstructed aisle space in the back of the panels, making 
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it easy for the electricians to service the panels. Note the method of 
lacing and supporting power cables in the back and the arrangement 
of outgoing motor terniinalb in clusters. 



Fi(j. 203. Optn p'UK 1 fianic'woTk with Miiglo row of piinelb and icsibtoi «3 in back. 


Enclosing Cases, Classification ^ 

Control panels may be enclosed in sheet metal or cast cases. From 
an a])pIication point of view, enclosures are required for the following 
reasons: 

1. To protect operating personnel from coming in contact with live 
parts of the control })anel. This protection is important when 
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panels are installed near machinery in plants whore unskilled 
workmen may come in contact with current-carrying parts, espe¬ 
cially in crowded quarters. 

2 To protect the control apparatus against the effect of atmos¬ 
pheric conflitions. Examples are protection against dust, dirt, 
splash and drip water, or corrosive fumes. 

3 To protect adjacent apparatus and o]K*rators against the effects 
of explosions which may be touched off by electric arcs. In this 
category fall explosion-proof controllers for histallation in coal 
mines or in atmosj*>heres charged with explosive gas mixtures. 

NEMA has established designations for standard types of cnolo- 
.^ar(\‘^, specifying the tyi)e of service for which the enclosures are suit* 
able. These type designations, accepted by the trade, are found in 
htandard descriptions and S]X'cifications of control manufacturers. 
Enclosures are either non-ventilated or ventilated. Ventilation is 
used if heat-dissipating apparatus, such as resistors, reactors, or trans- 
iorniers, are includ(‘d in the ('nclosure and ventilating air necessary 
to carry away the generated heat. Typi^ designations for ventilated 
enclosures are the same as for non-ventilat('ci ones, except that the 
typo number is followed by the word ‘Ventilated. 

Type 1 covers general-purpose sh(‘et metal entdosing cases designed 
to meet general re(|uirements as laid down in the industrial control 
e(|uiimient standards of the Underwriters^ Laboratories, Inc., as may 
he ill effect from time to time. The ])rincii)al purjinse of type 1 cases 
is to protect against accidental contact. They are suitable for in¬ 
stallation indoors and where atmospheric conditions are normal. A 
certain protection against du.sl and light indirect splashing is af¬ 
forded, but the cases cannot be considered as dust-tight or splash- 
liroof. 

Shown in Fig. 204 are several tyjie T enclosing cases. The drawn 
shell case is used for small contactors and starters. Its halves are 
imnched with a deep drawing die, and the front cover slips over the 
back part of the ease. Wall-mounted cases are fabricated of sheet 
metal by shearing, bending, and welding. The back of the case is 
i^olid, which means that outgoing panel connectiorijs must be termi¬ 
nated in the front. A hinged front door provides access to the panel. 
Floor-mounted cases are also fabricated of sheet steel, and by proper 
bending of the sheets into channel and angle sections, sufficient rigidity 
can be obtained to make a supporting framework unnecessary. Angle 
iron uprights support the weight of the panel, and the cases are de¬ 
signed so that they can be slipped over the panel. Floor-mounted 
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panels have doors or ri*nioval)le covers in front and back. Both the 
front and the back of the panels are thus accessible. Outgoing con¬ 
nections are made in the back. 



\\ aIl-inoiint('d. I'looi-niouiitcMl. 


Fuj. 201. T> |)0 I g('n('ial-pui poM' enc lo-'iiiji: rdM'"- 

Enclosed panels, lined up side by side, can be built into continuous 
switchboards, forming a control center for extended eciuipnu'nt. In¬ 
struments, indicating lights, and pilot switches may be mounted in 
the doors of the enclosures. Illustrated in Fig. 205 is a dead-front 
switchboard, formed by a line-up of individual enclosed panels. All 
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206 Mftliod of to In 207 T\pc II dnptight enclosing 

<lf \ i(( ^ in door of cnclo in^ < w ( 


# 0 







298 


CONSTRUCTION OF CONTROL PANELS 


devices which the attendant needs to operate the equipment arc located 
in the doors. Contactors, relays, and open switches are behind the 
doors so that they are accessible to authorized maintenance crewb, 
but the regular operators are protected against accidental contact 
with current-carrying parts. When devices are mounted in the doors, 

extra-flexible cable is used for 
wiring to the devices, and the 
loops are anchored around the 
door hinges to prevent break¬ 
ing of wires due to the flexing 
that occurs when the doors 
swing open or closed. Figure 
206 shows the details of one 
method of wiring. The flexible 
wiring is anchored by grommet 
plates on both sides of the hinge 
and terminated at a terminal 
board on the hinge. Solid wire 
is used from the terminal board 
to the device terminals. 

A variant of the general-pur¬ 
pose type I ease is obtained by 
placing a gasket around the 
cover or door. Such cases are 
recognized by NEMA as type 
lA. Panels in tyi)e lA cases 

are suitable for installation in¬ 
doors, and the gaskets obtain 

additional protection against 
dust, although the cases are 
not considerc'd dust-tight. They 
have become known to the trade 
as semi-dust-tight. Another variant is the type IB case, which is 
flush-type, designed for mounting in a wall and provided with a 
cover which serves as the flush i)late. 

Type II arc driptight cases, made of sheet metal, but with added 

drip shields or their equivalent. They are suitable for installation 

in localities where condensation may be severe, such as in cooling 
rooms or laundries. Figure 207 is a typical drip-proof case. The 
top is sloj)ing and overhangs the case door so that drip water runs off 
without entering the case around the door. 



Fici. 208. Type III w(‘utluT-reMfc.iant en- 
elonnir ease. 
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Tyi>r III cases are weather-resistant. Tiiey may be of east con¬ 
struction or of sheet metal, with proper protection against weather 



B 

Fk,. 209. Type IV watertight enclosing case A. Door closed. B. Door open 

hazards, such as sleet and rain. A typical outdoor ease is shown in 
Fig. 208. The case proper is fabricated of ‘-beet metal, with drip 
''liields over the doors. Inside the case a gutter is provided around 
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\ cut water from entering the case at the top. The resistor compart- 
iijt^nt IS covered by an overhanging slojnng roof. 

Type IV cases are watertight. They may be east or fabricated of 
-licit metal. They are suitable for use outdoors, on docks, or in 



Fj<. 211 T\|)C VI‘5ubriiti‘'iblc tn( 


flailies, breweries, or paper mills, ^vheie the efuitrollers may be hosed 
flown for cleaning A type IV case mu^t ‘^tand the standard hose 
ti'^t A stream of watiT fioin a hose not lc‘'^ than one iikIi in diameter, 
and delneiing at h a^t (>3 gallon*^ })(*r minute, is pla\c‘d on the con¬ 
troller for fne minutes liom a distance of not k'-s than 10 feet. No 
water must (*nter the enclosing ca^e Th(‘ ‘-tarter of Ihg 209 is en- 
e losed in a type IV east iron case. The cover rublxT gasket(*d and 
held tight witli wing nuts Start and stop push buttons, built into 
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the starter, and the overload reset button are operated from the out¬ 
side through bellows welded to the case cover. 

Type V cases are dust-tight and so constructed that dust will n(jt 
enter the enclosure. They are used in steel mills, cement mills, and 
other locations wl)ere the atmosphere is heavily charged with dust. 
The enclosing case of Fig. 210 is fabricated of sheet metal. The cover 
is hinged and gasketed and held tight by wing nuts, which however are 
spaced farther apart than on watertight cases. The reset button for 
the overload relay i)rotrudes through the cover. 

Type VI (*as(‘s are submersible. They arc constructed so that thr 
apparatus enclosed within operates successfully wlien the whole con¬ 
troller is subnuTged in w ater. Such cases are intended for use in such 
locations as quarri(‘s, mines, or manholes. The pressure and the 
length of tune of submersion must be specified for any given applica¬ 
tion. A subinersil)l(‘ enclosing case is illustrated in Fig. 211. It is 
fabricated of heavy gage shc'et metal. The cover is gasketed, and it 
is h(‘id tight by clo^fly spac<‘(l wdng nuts. Shafts extending through 
the side, for instanc(‘ for sw itch operation, are carried through a stuff¬ 
ing box. Busliings are provided for tlic incoming power cables. Wip¬ 
ing joints for cable connections are desirable, although not com- 
jiulvsory. 

Ty])e VII cases are designed for hazardous locations, class I, air 
break. They are designed to meet the re(|uirements of the National 
Electric (.'ode for Class I, (boup I) Hazardous Locations and the 
requirements of the Underwriters^ Laboratories sj)ceirications. Air 
break apparatus is used. 

Type VIll cases art* dt'signed for hazardous locations, class I, same 
as type Vll, except that the apparatus imiiKTsed in oil. 

Tyjie IX cases are designed for hazardous locations, class II, in ac¬ 
cordance with th(‘ National Electric Code and the Underw’riters’ 
Laboratories spi‘cifications. 

The specific retiuirements laid down for class I and class II liazard- 
ous locations are discussed in detail under the heading ‘^Controllers for 
Hazardous Locations.” 

Type X cases are designed to meet the requinunents of the U. S. 
Bureau of Mines, especially for application in coal mines. The spe¬ 
cific design details are given under the heading “Bureau of Mines 
Controllers.” 

Design of Enclosing Cases * 

NEMA, UiulerwTiters’ Laboratories, and the National Electric 
Code liave establislied certain stipulations governing the design of 
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(■iiflosures. The followinK is quoted from tiic NEMA Industrial Con¬ 
trol Standards as being the most applicable guide to the design of 
enclosing cases for industrial control equipment. 

1. .411 enclosures shall be so designed and assembled that they will withstand 
liuiiflling during shipment and installation. 

2. There must bo sufficient space within the enclosure to permit uninsulated 
]tarts of wire terminals to be separated so as to prevent their coming in contact 
with each other. Enclosures must be such as to )»ermit propiT wire (*onnections 
to h(' made with adequate spacing of the terminals and ends of (‘onductors from 
adjacent points of the enclosure. 

3. Exposed non-arcing curront-carr>dng parts within the enclosure sliall have 
an air space between them and the uninsulated walls of the enclosure, including 
conduit fittings, of at least ^ inch for 600 volts or l(*ss Enclosures of sizes, 
material, or forms not securing adequate rigiility must have greatfT sjiacing. A 
•suitable lining of insulating material not less than inch in thickness may be 
considered jicceptable w'hi'ro the spacing referred to above is less than ^ inch. 
The clearances between exposed ntm-arcing curn'ut-carrying \ arts within the 
enclosure and other conducting parts which may be connected to the enclosing 
case, such as lieads of mounting sci-ews, shall conform to Table 15. 

TABLE 15 

Cleauanckh as SpKf^rFiED BY NEMA Standards 


Distance in Inches 


Rating 

Through 

Across Clean Dry Surface 

In Volts 

Air 

Oil 

A ir 

Oil 

51- 150 



H 


151- 300 


H 

«8 


301- 600 

•'S •*'8 

H 

^i 

601-2500 

1 


2 

1 

2501-5000 

2 


Vi 

2 


Note. The cl(*araiice distance* .should be* iiicreaseai for dirty or moist e'onelitieins. 

Exception. For fractional }ior.'^e'])ow’e*r ^'emtrollers and other small device.s, 300 
volts or less, wdiere the e*nclosiin* i.s rigiel, an air .sjiace of Va inch is jiorniitteel 
Ix'tween non-arcing current-carrying parts and the uninsulatf'ei part of tlie* 
enclosure. 

4. All enclo.sures and parts of c'nedo.'^ure.s sucli as doors, e*over.s, tanks, etc., 
"hall be provided with me*aiis for firmly .se'cunng the*m in place*. Among the 
available means are' locks, interloe-k.s, se*rews, and seals. 

5. A flush tyjic enclo.sure for mounting in a WTill shall Vx* provided with ad¬ 
justment to align the device with the flush plate and to compensate for differ- 
emcea in thickness of the wall fini.sh. 

Electrical Clearance and Creepage Distances 

1. The distance between non-are-ing, uninsulated live parts of opposite polar¬ 
ity and between non-arcing, uninsulate*d live parts and parts other than the 
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enclosuro which may lx* Kroimdcxl wlicn Ihc ilcvicc is installed shall not be 
than given in Table 15. (In this connection, refer also to Table 17, page 398 

2. The spaciugs in snap s\vitchf\s, lamp liolclcTs, and similar wiring devices sup¬ 
plied as part of industrial control equiimient need not comply with the requin- 
ments of the aforesaid stamlards j)rovided such devices are not enii>loyed in tin 
motor circuits. 

Material for Enclosing Cases ^ 

The following n^fpiiremonts concerning materials used in the con¬ 
struction of enclosing cases ar(‘ rjuoted from NEMA Industrial Con¬ 
trol Standards: 

1. Matvrial. In tlie following paragraphs it is assumed that steel (or grav 
iron for castings) will be tlie metal emi>loyed. Coi)per, bronze, and brass arc 
sometimes use<l, in which case the recjuirenamts given for stool shall be compli('<l 
with. 

2. Thirku(ss of Custom. Cast metal for enclosure's, whether of iron or other 
metal, shall be at least i/, inch tliick at evi'ry imint and of greater thickness at 
reinforcing ribs and door edges, (‘xcepi that <li('-cast metal may not he l(*ss than 

inch thick for an an a grc'afer than 21 sejuarf* inches or having any dimensions 
greater than 6 in(‘hes. Cast nu'tal shall lx* at least W inch thick at threaded holi 
for conduit. 

3. Shtvt M(i(d Thickm.s^. Tlx* minimum thickness requin'd for sheet metal 
enclosures varic's with tlx* size*. For solid t'UcloMin's without slot or other open¬ 
ing, and for solid enclosures e\<*f‘pt for a slot for tlie op(*ratiiig handles or open¬ 
ings for ventilation or both, tlx* slie(*t metal shall lx* of gage not less than giv('n 
in Tabh* 16, except that nx'tal «liali not lx* less than No. 20 U.S.S. gage in 
thickness at points wlu’re rigid <*onduit is to be connected. 


TAHLF 16 

Minimum Tiik'knkss of Shfft Mktal I^Nt nosi uks from NEMA Standards 



Maxim um 



U. S. Stand- 

Maxim urn 

Area of 


M inim um 

ard Gage with 

Volume of 

Any 


Thickness 

Supporting 

Enclosure 

tSurfacc 

Maximum 

without 

Frame or 

in Cubic 

in Square 

Dimension 

Supporting 

Equivalent 

Feet 

1 nches 

in Inihes 

Frame 

Reinforcing 

K 


12 

20 10.037 in.) 

24 (0.025 in.) 

1 


IS 

18 (0.050 in.) 

20 (0.037 in.) 


360 

24 

16 (0.062 in.) 

18 (0.050 in.) 


I21K) 

4S 

14 (0.078 in.) 

16 (0.062 in.) 


15(X) 

60 

12 (0.109 in.) 

16 (0.062 in.) 


Over ir>(K) 


10 (0.141 in.) 

16 (0.062 in.) 


4. All enclosures of win* mesh, perforated screens, or grille work shall be pro¬ 
vided with a supporting frame. 

5. Ventilating openings m an cnclo.‘^\ire, including perforated holes, louvers, 
and openings protected by rinnins of wire sen'ening, expande'd metal, or per- 
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nrMod covers, shall be of such size or shape that no openinji: will permit passage 

a rod having a diameter greater than ^ inch; except that when the distance 
ti, tween live parts and the enclosure is grcjiter than 4 inches, openings may be 
} I Fitter than those previously mentioned, provided that no opening wull permit 
;,i--age of a rod having a diameter greater than ’^4 inch. The wires of a screen 
-li ill be not less than No. 16 Awg when the screen openings are square in<*h 
mf less in area, and shall be not less tlian No. 12 Awg for larger screen 
Mj.i rungs. 

Kx.’ept as noted in the following paragraph. sh(>et metal employed for ex- 
jMiided metal mesh, and perforated slu'et metal shall not be less than No. 18 
\ S.S. gage in thickness when I he mesh opruiings or i)erforations are sqpare 
inch or less in area, and shall be not less than No. Ki U.S.S. gage in thickness 
for larger openings. 

In a small device wdiere the indentation of a guard or enclosure will not alTt‘ct 
I he clearance between uninsulated, movable, current-carrying jiarts. and groumhal 
inetal. No. 24 Ui5.S. gagf' exi)and(‘d metal mesh may be employed, provided 
that (A) the exposed mesh on any one side of tlu' surfaci' of the device so pro¬ 
tected has an area of not more than 72 square inclu's and has no dimension 
grf'ater than 12 inches or that (B) the width of an opening so i>roteeted is .lot 
grc'ater than 3.5 inches. 

6. The requirements of enclosures for flooi-mounted controllei for voltage's 
not in excess of 600 volts shall b(‘: 

(I) Wlierc the sniTounding enclosure' is 6 fe'ct or more' in he*ighf and e'Xjiose'd 
!i\(' ])arts are not h'ss than 6 inche's be'low the uppeu* (‘dg(', no covering is re'- 
qiiired across tlu' toji of the enclosure. 

Exception. Where crane's or otlu'r mo\able apparatus or operations of a 
'•pecial character may introduce' ponmIjU* hazards from al) 0 \(', ove'rheael en¬ 
closures nun be requireal. 

(II) Where the surrounelmg enclosure' is within 0 inches of the fleieir and 
e xjiosed Ine parts are nut less than 6 inches abo\e the lowe-r e'elge, no covering 
will h(‘ required for the bottom. 

Controllers for Hazardous Locations “ 

The National p]leetrie Code has establislied clasisifiejitioiis for vari¬ 
ous kinds of hazardous local ions. The iiio.st important ones arc as 
follow's: 

Class I locations are those in which flamniahle volatile liejuids, 
highly flammable gases, mixtures, or otlu'r liighly flamiijal)le sub¬ 
stances are maniifactureel, used, hanelh'd, or store'd in other than their 
original containers. The following tabulation givi*s a list of rnanu- 
lacturing i)lants, parts of which may fall in tlie class I category: 

Dry-cleaning. 

Dry-dyeing. 

Pyroxilin-plastics manufacture. 

Spray-painting. 

Flammable-gas manufacture. 
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Varnish manufacture. 

Distilleries. 

Rectifying and blending alcoholic liquors. 

Industrial alcohol manufacture. 

Although this listing is not complete, it serves as a guide to types oi 
hazardous processes falling under class I locations. 

Class II locations are those in which combustible dust is thrown, or 
is likely to be thrown, into suspension in the air in sufficient quantities 
to produce explosive mixtures. Or class II locations may be those 
where it is impracticable to prevent such combustible dust from col¬ 
lecting in such quantities on or in motors, controllers, lamps, or other 
electric d(*vices that they are likely to become overheated because' 
normal radiation is prevented. Typical class II locations are found 
in: 

Flour mills. 

Crain eK vators. 

Starch i)lants. 

Sugar nulls. 

Cocoa mills. 

(’oal-pulverizing plants. 

Under each class, various groups are established, depending on the 
severity of service. To reduce the number of standard types of enclo¬ 
sures, NEMA recognizes gnnq) 1) as the one most applicable to en¬ 
closures for controllers in hazardous locations. 

The Underwriters’ Laboratorieh li^t two types of coiiNtruction for 
enclosures used in class I, group D harazardous locations. One is the 
“air break” type (NEMA ty])e VII) and the other is the “oil-im¬ 
mersed” type (NEMA type VUI). 

Class I, group D air break tyi)e enclosure specifications are based 
on the assumption that explosive gas will seep into the enclosure. 
Experience and laboratory tests have proved that absolutely gastight 
enclosures are impracticable, since necessary joints cannot be main¬ 
tained permanently in a gastight condition. A slow infiltration of 
explosive vapors must be ex[)ected, and such vapors may also enter 
the enclosure when the e(]uipment is being serviced. Thus an explo¬ 
sion inside the enclosure is ex]>ected, and the enclosure must be de¬ 
signed so that it will resist the exjilosive pressure by its strength and 
will prevent the escape of flame through joints, operating shaft open¬ 
ings, screws, rivets, and conduit openings. p]xplosion pressures may 
range between 75 and 130 pounds ])er square inch, depending upon 
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liC -^ize and shape of the enclosure, its free internal volume, and the 
Kit lire of the gas mixture. Enclosures arc either cast or fabricated 
,,i licavy steel boiler plate. 

The salient features of class I, group D air break construction, as 
vti]uilated by the Underwriters' Laboratories, are as follows. No 
lilies are permitted. Cast cases must withstand, without rupture or 
i,^nnanent distortion, a hydrostatic iiressiire test of four times the 
inaxiinuni internal explosion pressure developed during an explosion 



0002 0003 0004 00045 

CLEARANCE-INCHES 

Fiti. 212. Clearance of joints for class I, group I) (Uiclosiiig cases. 

Th(' hydrostatic test may be omitted if calculations show that 
ilie case has a factor of safety five times the explosion pressure. 
Fabricated cases must withstand two times explosion jiressure with¬ 
out iicrmarient deformation and three times explosion j)ressurc with- 
o\it rupture. 

Joints must be metal to metal and never less than % inch in width, 
except with rabbet joint, and not over 300 cubic inches, volume, in 
'Wiich case the width may be % inch with 0.002-inch clearance. The 
permissible clearance of flat joints of various widths is plotted in Fig. 
-12. The diameter of bolt holes must be not more than %2 hich 
larger than the diameter of the bolt, and the distance from the bolt 
hole to the inside of the enclosure must be not less than one half the 
width of the flange. Shafts through the enclosure wall must be at 
least one inch long with 0.0033-inch maximum clearance, or 1 inch 
long with 0.004-inch clearance, or inch long with 0.0045-inch 
clearance. Outgoing connections must be made through threaded 
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joints having at least five full threads. The use of sealing compoiuni'- 
is recommended. The compound applied must be impervious to haz¬ 
ardous vapors, and its softening jioint must not be below 200 F. 

A typical NEMA type VII enclosure, class I, group D air break 
construction, is shown in Fig. 213. The case is cast with wide flange^ 
and long sleeves are provided for the shafts through the enclosure. 



Fi(3. 213. 'lypt' VII I, srouj* D ('nclosing air break tvpe, for liazardou^ 

locations. 

Class I, group 1) oil-ininiprsod tyjie enclosure specifications are 
based on tlie tlu'ory tlint all electric contacts, joints, and any other 
parts that might ju’oduce a spark are located under oil, so that arcs or 
sparks occurring witliin the oil will not ignite any flammable atmos¬ 
phere that may aceumulate within the enclosure above the oil level. 
As no explosion can occur witliin the enclosure, it is not necessary for 
the tank to withstand ex]dosion j)ressurcs. 

The Underwriters' Laboratories recjuire for this type of enclosure 
that all connections, joints, terminals, and arcing parts are at least 6 
inches below the normal oil level. Auxiliary devices, used in control 
circuits only, may be located 2 inches below the oil level. An oil level 
indicator must be provided. A typical NLMA type YllI enclosure is 
shown in Fig. 214. 
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Although type VII (air break) and type VIII (oil-immersed) cn- 
closures are equally suitable for use in hazardous locations, several 
factors may influence the selection of one type in preference to the 
other. The presence of corrosive fumes makes the use of oil-immer.^ed 
equipment advisable, as the oil protects against corrosion. As the 
enclosure of air break type controllers must be designed to with¬ 
stand high pressures, there are definite limitations to the size of en¬ 
closures that can be built, and size of equipment may dictate the 
selection of an oil-immersed type. Some devices are not suitable for 
operation under oil, and this may demand the selection of an air 
break type. The life of contact tips in air is many times the life of 
contact tips operating under oil. For controllers which are calk'd 
upon to operate frequently, the air break ty])e has the advantage of 
longer contact life. 

('lass II, group I) (NEMA type IX) enclosures arc required to he* 
designed so that dust does not enter, and joints must provide a tight 
fi,t. Metal-to-nietal joints must be at least inch wide. Gasket^ 
may be used, and the minimum contact width must be % inch. The' 
use of rubber is not permitte<i. Gaskets must not be glued, but they 
must be attached to the box or the cover by mechanical fastenings. 
Shaft oi)enings must be at least inch long with 0.()05-inch maximum 
clearance, or 1 inch long with ().0()8-inch maximum clearance. Out¬ 
going connections must be threaded, the threading being at least 
inch deep. 

Enclosures may be either of cast iron or they may be fabricated of 
sheet steel. Caist cases usually have metal to metal joints, whereas 
fabricated cases use gaskets. Most air break type VII eases meet 
the re(]uirements of class II u'<e. Oil-immersed type YIII enclosures 
must be made dust-tight to meet class II specifications. 

Bureau of Mines Controllers 

The United States Bureau of Mines has issiu'd specifications for 
explosion-i)roof mine eciuipment which govern the design of controllers 
for use in coal mines. The salient reciiiirements which apply to the 
design of NEMA type X enclosures are: 

A main entrance switch must be provided, or its equivalent such as 
a line contactor or circuit breaker, (^n portable machines, each un¬ 
grounded conductor of the trailing cable must be protected against 
overload and vshort circuit by a fuse or other automatic circuit-inter¬ 
rupting device. Every motor must be protected against overload by 
an automatic circuit-interrupting device. If on direct-current con¬ 
trollers the terminals are properly marked, j)rotection is required only 
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in the ungrounded line. On three-phase circuits, two-element over¬ 
load relays are permissible if the third phase is fused. Overload 
relays, which do not protect against short circuits, are permissible, 
if fuses are also used. 

('ases should have a wall thickness of at least „ inch. Cases may 
l,e tight, or they may be ventilated, altlunigli ventilation is not rec- 
omnicndcd. Cases must be designed to withstand cx)>losion pres- 



I'Ki. 215. Type X t (.i-e, Hurt mu of constnictuui, for use in coal 

niinc>. .il. 1\ M( u. /J. I’loiit \ lew. 


MiH's, which may he as as 100 imuiids per scpjarc inch. Flanges 
niii^t have metal-to-metal contact. If the volume of the case is more 
tlian 00 cubic inches, a one-inch flang(‘ width or a yi-inch rabbet joint 
is to be used. For cases with a voluiiK* of h'ss than 00 cubic inchcH, 
a ’S-iuch flange may be used, but a on(‘-inch flange or 'yi-inch rabb<*t 
joint is recommended. A maximum gap of 0.001 inch over a distance 
of l(\ss than 0 inches is ]K‘rmissible, ])rovi<Ie<I a discharge of flame docs 
oot occur during an exj)losion test. 

bead entranees may be insuhitc’d studs, shield(‘d with insulating 
barriers. If stuffing boxes are used, tht‘ packing material is asbestos 
'diich, when eomj)r(‘ss(’d, must comidctely surround tin* wire or cable 
for a distance of not less than b, inch. Scaling corn|)ound is ])cr- 
uiissible if the design of the stuffing box is such that the compound 
''ill not crack or flow\ 
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Shown in Fig. 215 is a NEMA type X controller, meeting T . s. 
Bureau of Mines si)ecifications. In the case cover is a handhole t}i 
screwcd-in cover to permit access to the line fuses. The handhule 
cover is sealable. A start-stop push button is operated through but¬ 
tons in the front cover. Tlie handle in the top actuates the motor- 
reversing switcli. 

To prove the design of tlu‘ enclosure, it is subjected to an explosion 
test conducted by the Hur(‘au of Mines at its experimental station. 
The caise is filh'd with ex})losive gas, and it is set up in a chaiiiher 
which is also fill(‘d with (‘xplosive gas. The gas inside the case i> 
exploded by a nnnotely oj)erated spark, and the case is considered un¬ 
satisfactory if (1) flame is discharged from any joint or opening; 
( 2 ) th(‘ surrounding (‘xiilosive gas mixture is ignited; (3) dangerous 
aft(T-burning occurs; (1) explosive pressure above 150 pounds per 
sfpiare inch is observeil. 

Control Centers ‘‘ " 

A\’hen inagiu'tic control was introduc(*d in manufacturing jdniits, 
starters and otlier small controllers were mounted on walls and 
building columns in a more or less haphazard fashion, making it 
ditfK'ult to supervise and maintain them. Latcu’, starters and other 
controllers were groupc'd on walls or on pipe and angle iron racks. Al¬ 
though this grouping \\as a ste[) forward, making for bettcT super¬ 
vision and mainteiume(‘, a eonsid(*ral)le amount of installation ex¬ 
pend' was ineurr('d, as each eontrolh'r had to be mounted and wired 
individually, reijuiring a great d(‘al of conduit work to provide line 
blisses and to intercomu'ct controllers into an integrated control 
syst(‘m. 

Since lUlO u j-VNtem of mounting individual eontrolh'rs in a eoin- 
mon stnietnrc' ha> heen develop(‘d, and is oOVred by several mami- 
faetnn'is. A typical examph* is .sho\Mi in Fig. 211). The more ]M)i)nhir 
sizes of controllers, full-voltage starters, reversing starters, circuit 
breakers, etc., art' mountt'd on individual sttindardized frames, whieli 
in turn art' mounted in eomi)artments of a standardiztMl type I en- 
el(ts(‘d structure. Idiit' busses are carried in the top portion of tht' 
stnieturt'. Tiiis grtiiiping of controllers })resents a pleasing appear¬ 
ance, and its orderly and logical arrangement is conducive to good 
maintenanet'. Interet)nneetions between starters and to the busses an 
made in tlu' factory, saving ('Xjuuisive field wiring. Although the cost 
of a control eentt'i* is higlu'r than the cost of individual starters, tin 
instalh'd cost of a eonlrtil etaiter reflects an a]>preeiable saving in in 
stallation expense, making it attractive from the point of view of cost 
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ildtip. Also, the nianufaoturcr is tloing a eonsidorahlc amount of enpi- 
. (vring in planning the overall laytuit, relieving (he user of the neces- 
-iiy of planning the mounting and wiring of a multiplicity of control 

units. 

By standardizing the size of controllers, size of comiiartmonts, and 
Pihcr structural elements, control centers,can be built of units form- 



Fig. 2IG. Control center. 

injr iho building blocks. When a manufacturing plant expands, aildi- 
tional units ran be added easily to an existing control (‘enter. 

riu' whole structure is d(*ad-frorit, and eoinpartnamt doors can be 
lo( k(*d. Tims a high degree of safety is assun^d to tin* operating 
personnel and tampering by unautliorized jiersons i*^ prevent(‘d. 

r>raw-Out Controllers ^ 

In central station practice, draw-out devices have become very 
‘opnlar because it is possible to nanove a faulty devi(’e and replace 
nninediately with a spare device, witliout di^(*onnecting and dis- 
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i-xombling it. Although in control work, draw-out devices have not 
(oine into general use, draw-out type controlleis have been built for 
i)ipiirations on which a high degree of availability of the control 
( luipmcnt was specified. 

shown in Fig 217 is a draw-out type contiol stiucture. It re- 
wimbles a control center, except that each coinpartnient houses a 



1 IG 218 Indnidiial driw-out unit 


l\j)c contiol unit Finnic 218 is a closc-up of one unit, the 
client of a full-voltage UAdsnig staitcr Tlie magnetic diviccb 
‘HI mounted on a base, \^hi(h hangs on a sliding sujiport When the 
panel is pusher! fully into the coiniiartrnent, jiower and control Con¬ 
ner tions are established through sliding ronnectors, engaging station¬ 
ary contacts on the structure. By means of a le\er mechanism, the 
hciM* may be slid foiwaid. As soon as tlu ba^* starts to move, the 
power (ontactors tiipjied out, so that tin sliding power contacts 
put with no ciirr(*nt flowing In an intrirnrdiate ])osition, the power 
< (iiinections are broken but contrrd ronnections are le-establishcd, so 
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that the control functions of the controller can be tested without enei - 
gizin^ the motor. In the extreme forward position, power and control 
connections are broken, and the controller may be removed from tla 
compart numt. 

Dniw-out construction ]M*rinits removing a faulty controller and 
replacing it by a hpar<‘ unit with a niininiuni interruption of service 
Draw-out controlh'rs arc* inon* exfieiisive than any other design, hul 
their additional cos-t may })e acceptable in case's where continuity of 
servi(*e is of iiaramount importanct*, for instance, for powerhouse* 
auxiliaries or for continuous manufacturing processes. 

Operators’ Panels and Control Desks 

Many processing niacliim's involve a considerable number of motors 
and auxiliary (‘(luipment \vhich are under the control of a single ojier- 
ator. su[)ervise the eciuipment, the attendant requires a consider- 



Fig. 219. Opcralor’s pilot control jianols for ii cold-strip mill. 


able number of pilot devi<‘es, such as ]msh buttons, control switches, 
and in many cases instruments, pilot lights, and rheostats. On com- 
plieated drives, it is essential to have all tlu'se deviecs loeat('d in a 
small area and arranged in an orderly manner. Mounting the pilot 
devices imlividually on the machine would result in an expensive and 
haphazard installation. It is preferable to combine all pilot devices 
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uij a single panel, which obtains better grouping and permits all neces- 
-:try interconnc‘ctions to be made on the panel. 

Figure 219 is a view of a tandem cold-strip mill. On the first stand 
are mounted two operator's ]ianels containing all pilot devices which 
the operator requires to control the mill. The left-hand panel con¬ 
tains jnish buttons, control switches, and })il(d lights, with which the 
(IKi-ator starts and stojis the various motors on the mill. The panel 
a wall-mounted case with pilot devices mounted in the front cover. 



Opening tlie cover giv(‘s access to th(‘ d(‘vie(' contaels, wiring, and 
t(‘nnin:il boards. To tin' rigid i^ a s(*cond paiH'l, containing rlteo- 
"'tats to control the sj)('(‘d of various n)otor'<. I'Ik' rh(‘o‘-tats them- 
''(‘lv('s are inside the box, witli opc'rating hajidli's in the front. Access 
to tlie rli(‘ostat and the wiring gam(‘<l by rianoving the* ^id(* plate. 
Po the l(‘ft (*an be sec'U an instrunu'nt panel containing tin* loari and 
‘-p('ed indicators in tlie froid cover, which can also lx* swung open to 
t \jH)se the wiring. 

Motors, s(‘attered over a wide area, may form an integrat(‘d oper¬ 
ating unit. The o])erator is tlum locat<*<l at a strategic sjiot, apart 
trom any of the drives, but located so tliat h(‘ can observe the most 
e-^sc^ntial functions. A control desk is a very satisfactory means of 
coinliining pilot devices, indicators, etc., in an arrangement that is 
ea'^ily supervised. As an illu-«tration. Fig. 220 shows a control desk 
for the run-out tables and coders of a ste(‘l mill. Numerous control 
^witch€‘s, ymsh buttons, rheostats, and instrumerds are located in a 
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confined area, within easy reach of the operator. All interconnections 
between devices are factory assembled, without use of conduit. From 
the user’s point of vi(*w, a control desk has the advantage that it is 
tested as a unit in the factory, where such testing can be done more 
accurately and with less effort than at the installation. 

A control desk consists of a supporting frame and a top on which 
devices are mounted. Compound tops provide additional insulation 



Fio. 221. Suit* view of control dc-k .''liowinR iirranizicmc’nt of wiring ami terminal 

hoards. 

for the devices. Steel tojis afford greater safety to the operator, as 
all struetural parts of deviees are at ground ])otential. Control desk 
frames are fal)rieated of sheet steel, usually ineli thiek, formed into 
channel and angle sections at the corners to ]n*ovide adeciuate strength. 
Sharp corners are to he av(»ided, and all welds should be continuous 
and ground smooth to tin* contour of the Ix'iids, not only adding to 
tlie ai)pearnnee but also minimizing the danger of tearing clothes. The 
inside of the desk should he accessible at least from the front and 
one side, to permit wiring and servicing. 

In laying out d(‘vices on the top of a desk, care should be taken to 
obtain a neat, orderly, and logical arrangement, as this increases 
materially the efiioieney of the o]>erator. Attention should also be 
given to the wiring inside the desk. All wiring should be firmly sup¬ 
ported and terminatt'd at terminal boards, ind(*libly marked with cir- 
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(Mlit numbers in acx’ordancc with the connection diagram, and easilv 
accessible from the front or the side. As most electricians are ri^rl-t 
handed, it is easier for them to make connections to terminal boar<N 
if they are in the right-hnncl side of the desk. The wiring to tlj(' 
terminal boards should be kept back of the boards as far as possibl«. 
Figure 221 is the side view of a control desk. The terminal boards are 
mounted on straps in the back. The control wiring is cabled and lac(‘(I. 
and laid partly in wiring troughs. The interior is kept unobstructed, 
giving the electrician a maximum amount of working space. 

Packaged Control Units ^ 

On e(iuipments whicli iis(* small magnetic devices, it is possible to 
combine the operator’s panel, with its pilot devices, and the magnetic 
control pallid into a single packaged control unit. Such a combination 
is feasible only for drive's involving comparatively small motors, 
otherwisi' the size' of the contactor iianel would exceed the space avail¬ 
able for an opiTator’s [lancl. A consolidation, when possible, offers 
the advantage that a completely wiri'd unit is delivered from the 
factory to the site of tlu' installation, and the user has only to prepan' 
th(' toiindation, set the unit in place, and make the outgoing con- 
iii'ctions. 

Figuri’ 222 is an installation vi(*w and a close-up of a packaged 
control unit for a ma(dune making jiaper bags. On the front of th(' 
top portion are mounted control switches and push buttons required 
by the attendant to operate the s('V('ral motions of the machine^. 
The front compartnu'iit contains the j>ancl for the magnetic control 
of the paster and cutter motors, and tlu' rear compartment houses the 
main drive and electronic register control. This arrangement reduce^ 
the numlx'r of control units that must be handled at the installation 
and combines all control elenu'iits into a single compact unit, reducing 
installation exiK*nse and saving space. 
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CHAPTER 11 


BASIC DIRECT-CURRENT CONTROL CIRCUITS 

In the following three eliapters are discussed basic circuit elements 
forming the building blocks of which complete standard or special 
magnetic controllers are constructed. Tn presenting these elementary 
circuits, no attempt is made to present actual controllers in all details. 
Only those d(‘tails are giv(‘n in the diagrams which illustrate the essen¬ 
tial elements of each basic circuit. How th(‘se basic circuits arc used 
on j)ractical controllers is (*xplained in subs(‘(juent chai)ters. 

Starting 

The term startmg designates the function of connecting the motor 
to the line so that current may flow througli its armature. In a d-c 
shunt motor it is assumed that the shunt field has been energized pre¬ 
viously. Tn a d-c s(‘ries motor the series field is energized simultane¬ 
ously with the armature. Tn Fig. 223 sketch A is the power circuit 
of the motor armature. AVhen line contactor M closes, current flows 
through the motor armature, the motor (U‘V(‘lo])s tonpie and starts 
rotating. To limit the current at tin* instant at which M closes to a 
safe value which tlu* motor can commutate, a block of resistance i^ 
connected in series with the motor armature. Very small motors, 
fractionals and integrals u]) to about 2 hp, often have a sufficiently 
high internal resistance so that external resistance can be omitted. 

The simjilest method of (dosing contactor is by a maintaining 
type push button station, as shown in sketch B. Wlien the start but¬ 
ton is jiressed, the coil of contactor M is energized and M closes. 
When the stop button is ])res^ed, the coil of ^f is de-taiergized, and 
the contactor drojis out. Tn place of the jnish button station, a master 
switch with maintained contact, illustrated in sketch (\ may be used. 
Turning the master switch to the on jiosition energizes contactor M. 
Turning the master switch to the olT ]>o^ition de-energizes M. Any 
maintained contact tyjie pilot device, such as a float switch, pressure 
switch, or thermostat, may be used in place of the master switch. 
Contactor M stays closed as long as the jiilot device stays closed. 

The above methods of controlling contactor M provide under¬ 
voltage release. If control voltage disappears, or the control circuit is 

3 ^^ 
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interrupted by other means, contactor M is dropped out. When con¬ 
trol voltage is re-cstablislied, M recl(»sos ininiediatcly and stays closed 
long as the i)ilot device remains closed. 

iMich automatic restarting is reejuired in many cases, cs]>ecially 
where automatic machinery such ns pumps, compressors, and blowers 
(iperate without attendance, bafety considerations for operating per- 


U ,2 
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relay. 

M>nncl, h()wev('r, recpiire that attc'iidcd ])n>duc<i(>n macliim'ry must not 
i’c>tart automatically once the motor has been stoj)pc(l, making it nec¬ 
essary for the operator to close a ])ilot device. It is called under- 
raltaffc protection. 

Undcrvoltagc ])ro(ccti()n is an inherent b'ature of momentary eon- 
bict push button control. See sketch I). Wlicn the start button is 
pressed, contactor M close's. A normally oi)en interlock on M estab- 
Ii^Ih's a sealing circuit around the start button, which is then released, 
and contactor M stays closed. To open .1/, tlie stop button is pressed 
nioinentarily. This de-emergizes M. When the' stop button is re¬ 
leased, M does iKJt reelose, until the start button is pressed again. 
'Several start buttons may be eonnoeled in j)arall(’l and s(‘veral stop 
buttons may be connected in seric's so that the mot4)r can be started 
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and stopped from several remote-control points. If eontrol voltag< 
disappears while the motor is runnin^^, contactor Af drops out, Wlieu 
control vf)ltage reaf)p(‘ars, contactor Af does not close immediately; 
it is necessary to press the start button again before the motor start.^. 

Spring return master switches also provide undervoltagc protec¬ 
tion inherently. Sen* Hk(‘tch fJ, The muster switch is arranged so that 
a spring turns the switch back to the luMitral position, when its handle 
is released. 'Turning the inasttT switch to start energizes AT, and a 
normally open intcTlock on M cIos(‘s a sealing circuit, holding Af ener¬ 
gized when the inasti'r switch returns to neutral. When the master 
switch IS lurntMl to sto]), Af dro})s out, but does not reclose when tlie 
master switch rc'turns to luaitral. When Af is dropped out because of 
loss of eontrol voltage, the master switch must be turned to start 
again bc'fore Af rt'closes. 

W'hen a master sw’itch with nuiintain(‘d contacts is used, a separate 
undervoltage r(‘lay is providi'd for prot(‘etion, as is indicated in sketcli 
F. Und(Tvoltage r(‘l‘iy rV is energiz(‘d through a master swdtdi con¬ 
tact which is closed only in the off position. As long as control volt¬ 
age is available, relay UT stays (*nergizt‘d through its own normally 
open holding interlock, r(‘gardless of the position to w’hieh the master 
switch is turiK'd, Contactor Af closes and opc'ns w’lu'ii the master 
switch is manipulated Ixiwet'n th(‘ on and off ])ositi()ns. When con¬ 
trol voltag(' disapp('ars whih* tlu' motor is running, that is, with tlie 
master switch in the on pi^sition, rciay CT and contactor Af drop out. 
Upon re-(‘stablishment of cuntrol voltage, IIh' mastei* sw'iteh must l)<‘ 
returned to the off j)osition, in order to reclose ('T before the motor 
can In* started again. 

Jogging 

Jo(j<jni(i or uichimj is defined by \UM.\ as the fpiickly rejx'ated 
closure of tin* circuit to start a motor from r(‘st for the purpose of ac- 
com})lishitig- small movements of the driviai machine. This means 
that the mott)r does not run for any length of tinu', but only for a 
short interval, as controlh’d by the op(‘ral<»r. ,]t»gging is fre(|uently 
iised on production machinery, for instance, to bring the tool of a 
maciiine tool into alignment with the w'ork or to tliread cloth into a 
printing machine. 

Several jogging control circuits are indicate'd in Fig. 224. The 
simplest jogging control is ol)tained by a single momentary contact 
push button as sliown in sketch .1. Contactor Af is energized and the 
motor turns only as long as the push button is held depressed. This 
control circuit is satisfactorv for intermittent drives which travel for 
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only a short distanre. In the majority of cas(*s it is desired to jog 
i)i«* inaeiiine, and then to start it for a long-time run. 

See sketeh B. A jog button is pnn’ided in addition to the regular 
'-tart and stop buttons. \\ hen the jog buttem is ])ressed, the normally 
{losed back eontaet intcrru])ts the sealing eireuit through the inter¬ 
lock on M; thus 71/ drops out 
a- soon as the jog button is 
released. This method has a 
-(‘rious disadvantage. If the 
jog button is n‘leased suddenly, 
i(^ normally closed biiek con¬ 
tact may close b(‘fore contactor 
M has dro])ped out. If this 
happ(‘ns, the stalling circuit is 
rc-(‘stablislu'd and tlie motor 
continu(‘s to run, constituting 
a danger to the operator, who 
may h(‘ intent on inching his 
work and who might be hurt by 
th(' unexpected starting of his 
machiiK'. Jogging ]»nsh buttons 
can ho ('quipj)ed with a lat(‘h 
whicli ))r('vents the normally 
closed ])ack contact fnan r(‘- 
closing as long as the latch is 
niriK'd. 

A safer nudhod of joeging is obtained by tin* circuil (d sketch C, A 
control relay ( B is adde(l. When tlu‘ stai-t button is prcsscal, relay 
('U is energizi'd, which in turn em‘rgiz(‘s (a)ntactor J/ and provides 
the scading ciicuit. When the* jog button is ])Te>sed, contactor M is 
ciH'rgized dinadly and n‘lay ( R is )iot in th(‘ cii'cuit. With this con- 
ne(‘tion, r(‘lay ('R is |)ositively prevented fiom closing wlnai the nor¬ 
mally closed back contact of the jog button reclosc's, aiifl th(*r(‘ is no 
daTig'tT of contactor J/ staying (‘nergiz(‘d. Although tlu’ circuit ac¬ 
cording to skedeh involv<‘s the (‘xpense of an additional relay, it 
oilers the highest degiH'c of safety to the operator. 

Limit Switch Cycling 

('yrlirig or indexing means that the motor is started and runs for a 
prededermined distance of the* drivtai machin(‘, and then stoj)s auto- 
luatically. The cycle is rep(‘ated as often as the o])crator desires. An 
<‘xample is a rotary car dumper ^^hich starts, rotates through a corn- 
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plete revolution, and then stops automatically. Such cycling can bo 
controlled by limit switches, and several circuits which accomplisli 
this are shown in Fig. 225. 

See sketch A, Limit switch LS is actuated by the driven machinery. 
In the index position, LS is open. When tlie operator presses the 
start button, contactor Af (‘loses and the motor starts. The of)erator 

must keep the start button de¬ 
pressed for a certain length of ma¬ 
chine travel until the limit switcli 
recloses. When the jmsh button is 
(h(‘n released, contactor Af is held 
clos(‘d through LS and its own liold- 
ing interlock. Wlu'n the inch^x ))o- 
‘^ition is reached, LS opens, drop*' 
out Af, and stops the motor. This 
ciiTuit has the advantage of sim¬ 
plicity. Its disadvantage is that, 
wh(‘n a lU'w cycle is started, the 
start button must be held depressi‘d 
for a C(‘rtain l(*ngth of time, reejuir- 
ing judgm(‘nt on the ])arl of the 
op(*rator. On slow-moving driv(‘s, 
a considerable ])(‘rio(l of time may 
(‘hi])se b(‘fore LS r(*eloses, durintr 
which the oju'rator must hold the 
start button closed. 

This is avoidt'd by the circuit of 
sk(‘tc]i /?. Two limit switchc's are 
provi<l(‘d, ILS and 2LS. In the 
ind<‘X position, ILS is closed and 2LS is ojien. When the start but¬ 
ton is i)re.s.srd, relay CL is eiuTgized, seals itself in through 17^.^, and 
(aiergizes contactor Af. Shortly after the drive has started, limit 
switch 2LS recloses and establislu's a sealing circuit for Af. A short 
distance ))eyond this point, limit switch ILS op(‘ns and causes relay 
CL to drop out. A short distance before the ind(‘X })oint is reached 
, again, reeloses, but no change takes ])lace in the control circuit. 
Wlum the indt^x ]>oint is reached, 2LS opi*ns and drops out Af, thus 
stopping the motor. Pressing the start button again restarts the cycle. 

The circuit in accordance with sketch C eliminates the necessity of 
using two limit switchers. One limit switch LS is recpiired, which opens 
at the index point. I'ri'ssing the start button (mergizes contactor Af 
through the normally closed contact of relay 2CL. Contactor Af seals 
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in. After the drive lias travoletl a short distanee, LS reeloses 
a!Kl energizes relay ITT? which seals in contactor through LS. Re¬ 
lay ICH in turn enerf.dzes relay 2(7f, which c^pens its contact and thus 
])laces M under the control of LS. A1 tiie index i)oint LS opens, drops 
out If’i? and i\/, and stops the motor. Relay tlrops out and re- 
closos its contact. Pressing the start button restarts the cycle. It 
would be possible to eliminate relay 2('K by using a normally closed 
contact on so adjusted that it opens afttu* tlie normally o])en con¬ 

tacts on ir/? close. However, as such an adjustment is difficult to 
maintain, the use of a separate relay 2('}{ is j)relerred. 

AVith any one of the control circuits shown, it is possible to inter¬ 
cept the cycle and stoj) the motor by prt‘ssing the stop button. The 
cycle can be completed by pr(“ssmg the start button again. 

Reversing 

To reverse the direction of rotation of a d-c motor it is nt'cessary 
to reverse th(‘ direction <d current flow through eitlu'r Mie armature 
or the fudd circuit. Let us con.suler fii-'-t control circuits ustal to re¬ 
verse the armature. 

See Fig. 226. Sketch A indicat('s tlu‘ armature circuit. With small 
motors, dou))le-pole contactor F for tin' forward and R for the reverse 
diiection are used. On controllers for larger motors, singl(*-j)ole con¬ 
tactors IF, 2F close for forward rotation, that is, currtud flow through 
the armature from A1 to .12, and contactors IF, 2R close for reverse 
lotation, that is, current flow through the armature from A2 to Al, 
Except for very small motors, a r(‘sistor must Ix' connected in series 
with the armature to reduce the starting current to a value within the 
commutating limit of the motor. 

ProvLsion must be made to prevent the forward and reverse con¬ 
tactors from being closed at the same time. Mechanical interlocks of 
a type shown in Fig. 102 are used b(‘tvv(‘en reversing contactors wher¬ 
ever possible. When single-pole contactors arc* us(*d, mc'chanical inter¬ 
locks are arranged between IF-IF and 2F-2R. No current would 
fl(»w if IF and 2R or 2F and IF were closed at the same time. 

Mechanical interlocks safeguard against two contingencies. One is 
inadvertent energizing of tlie coils of both the forward and reverse 
contactors. Assume that the forward contactors an* energiz(*d. When 
the coil of tlie reverse contactors are then also energized, their air gap 
is large and the resultant magnet pull is less than the pull which 
holds the forward contactors closed. The mechanical interlocks pre¬ 
vent the reverse contactors from closing as long as the forward con¬ 
tactor coils are energized. Since d-c contactors are usually equipped 
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with continuously rated coils, and since the coil current depends solelv 
on coil resistance, it is not necessary on d-c controllers to interlock 
reversing contactors electrically. This is an important differenc< 
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Fig. 226. Control circuits for annaturo r(‘\crsinu. h\ \F, 2F. Forward contactor-- 
R, IH, 2R. Kc\cim‘ cont!icl(M'<. I 1 . Undt'iNoltaRi' relay. LSF. Forward limit 
swilcli. LSR. Rc\cisc limit switch. 

between d-c and a-c reversing controllers, discusstal in greater detail 
in the next chapter. 

Another contingency is the case where one set of reversing con¬ 
tactors freezes in, that is, the contact tips weld closed and the con¬ 
tactors do not o])en when their coils are de-energized. Assume that 
one or both forward contactors are froz(*n and their coils are de¬ 
energized. When the reverse* contactors are then energized, either one 
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,f two things may happen. If the contacts of the forward contactors 
welded only lightly, the pull exerted by the mechanical interlocks 
M addition to the pressure of the contact springs may he sufficient to 
;»rv tlie forwar<l contactors open, and then the reverse contactors may 
i loH*. Oi, if the foiV'ard contactors are frozen tight, they stay closed 
and the reverse contactors are prevented from closing. 

A simple reversing control circuit with momentary contact push 
Inittoiib is illustrated in sketch B. For the sake of simplicity it is as- 
'‘Umed tliat only one double-pole forward contactor F and one double- 
reverse contactor Ji are used. When the forward push button is 
pressed, contactor F is energized and seals itself in. If the reverse 
nu.sh button is then press(‘d the coil of contactor R is energized, which 
(}(K‘s not close on account of tin* mechanical interlock. Before the 
motor can be reversed, it is m'cessary to press the stop button, which 
(Iroj)s out the contactor F so that B can b(‘ closed by pressing the re- 
\erse button. If overtravel limit switches are used on int(Tmittent re¬ 
versing drives, they are connected in series with the contactor coils. 
For instance, if the motor runs forward and the end of ihe travid is 
naciied, limit switcli LSF opens, drojis out F, and stop.^ the motor. 
The forward push button is tlnai inetlVctive, and no further forward 
travel is possible. 

Push button control provid<‘s und<’rvoltag(‘ protertion inherently, 
rpon loss ot voltage, either F or R, whichever hapjx'ns to be closed, 
(lro])s out. Upon reappearance of control voltage, it is necessary to 
j)ress either the forward or rev(‘rse jiiish laitton to restart the motor. 

^^'hen j)ush buttons with normally cl(»sed back contacts are used, 
llie push buttons can be electrically interhjcked, as indicat('d in sketch 
'File forward button circuit is carried through the back contact of 
tlie reverse button ami vice V(‘rsa. If contactor F is emTgizixl and 
the reverse button is jiressed, its back contact ojiens the coil circuit of 
F and permits Ji to close. While such el(*ctrical interlocking is not a 
necessity, it is often included as an additional safeguard without 
<*x(ra (‘xpense, when heavy-duty j>ush buttons are us(*d on which 
hack contacts are available. 

Sketch ]) shows a reversing c(»ntrol circuit (‘inploying a master 
^''itch. For jnirjiose of illustration, single-pole contactors IF, 2F and 
tF, 2R are indicated. Coils of each pair of revc-rsers arc connected 
ni imrallel. As a master switch is generally a maintained contact de¬ 
vice, an undervoltage relay ( V is re^piired for undervoltage protec¬ 
tion. Upon loss of control voltage, the master switch must be returned 
the olT position, before W and either set of reversers can be ener- 
^ozed again. 
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On small contactors, as shown in Fig. 100, it is impractical to ar¬ 
range for reliable mechanical interlocks, especially when the cori- 
tactors operate frequently and interlocks would be subject to con¬ 
siderable wear. Holding coils are then used in lieu of mechanical in¬ 
terlocks (sec sketch E). A contactor with holding coil has two map- 
net cores. When the contactor is open and both the holding and tlic 
closing coil are energized simultaneously, the holding coil pull is 
stronger than the closing coil pull, and the contactor stays op(‘n. 
Conversely, if the contactor is closed and the holding coil is then ener¬ 
gized, the contactor stays closed as the closing coil pull exceeds the 
holding coil pull. To illustrate the holding coil function, assume that 
the forward button is pressed. Contactor F closes. The holding coil 
of R is alho energized. If the reverse button is then pressed, F stay^ 
closed and R does not close. The holding coils act exactly lik(‘ 
mechanical intcTlocks. It must be recognized, however, that holding 
coils do not protect against closing of both reversers in case one con¬ 
tactor freezes in, as mechanical interlocks do. 

Control of Shunt Field Circuits 

Tlie majority of d-c motors used in industry arc shunt motors. In 
addition to the control of the armature circuit, the connections of the 
field circuit must be given consideration. 

Figure 227 is tlu' (‘lenuaitary diagram of a simple push-button-oper¬ 
ated starting circuit for a shunt motor. The control circuit is con¬ 
nected across the power line 
and tlu' shunt field is con¬ 
nected in i)arallel with the ar¬ 
mature cinuiit on the load side 
of line contactor M. When the 
motor is stopjx'd, by opening 71/, 
the shunt field is disconnected 
from the line. The field cir¬ 
cuit is not interrupted, as the 
armature circuit |)rovide.‘^ a discharge j)ath and no dangerous rise of 
voltage across the shunt field terminals occurs. This connection is 
used widely for small continuously operating motors. The circuit is 
simple*, and when the motor is shut down the field winding is discon¬ 
nected and does not heat. As the field current rises gradually from 
zero to normal value when closes, the starting torque also rises 
gradually from zero to its normal value. It is not important when 
motors are infre(|uently started, and the slight increase in starting 
time is of no conse((uence. 



Fio. 227. Complete staitmg circuit for 
d-c shunt motor. M. Line contactor. 
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On intermittent drives, requiring frequent starts, tliis delay in 
huild-uj) of starting torque is often objeetionable. To have high 
^■arting torque available wlien the motor is energizeil, it is necessary 
u maintain full, or at least partial, field strength while the motor is 
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clown. In Fig. 228 several field control circuits arc shown wdiicli 
art* suitable for use on intermittent-duty drives. 

In sketch A the field circuit is permanently connected to the power 
hue, and the field is kept fully excited at all timevs. Naturally, the 
fit'ld is subjected to full heating while the motor is standing still and 
cooling effect of the rotating armature is lacking. This heating 
iiiu<t be considered in the design of the fic*ld structure. During a pro- 
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longed shut-down period of the motor, it is desirable to disconnof t 
the field in order to reduce its heating. A field and control switch is 
usually included in the controller to disconnect the shunt field from 
the line. To avoid excessive build-up of voltage when the field circuit 
is interrupt(‘d, the field switch is equip])ed with discharge clips, and a 
discharge resistor is connectt‘d in parallel with the field when tlit* 
field switch is opened. 

Some intermittent-duty drives, for instance mine hoists, operate 
on regular duty cycles with only short stops between cycles. But ijt 
may happen that operations are delayed, and occasionally a longer 
standstill period occurs between cycles. To reduce the heating of 
the field during such standstill periods, a field economy resistor may he 
inserted in series with th(‘ field, as shown in sketch B. It is custo¬ 
mary to use a resistor which reduc(‘s the field current to 1/1.41 of its 
normal value, thus reducing the heating to one half of normal. 

While the motor runs, the field economy resistor is short-circuited 
by the contacts of field economy relay FK. The coil of this relay is 
energized by a normally ojien interlock of line contactor M. Thus the 
contact of FF is closed as long as M is clos(‘(l. Relay FE is of the 
time delay drop-out t\ p(‘. When ^f is op(‘n during a short stop of the 
motor, FE do(*s not droj) out, and normal field strength is main¬ 
tained. When M is op(‘n for a longer time than the setting of FE, 
the relay drops out and iuMuls the economy resistor in seri(‘s with the 
field. 

Large motors that are infrecjuently started are sometimes revers(‘d 
by reversing th(‘ shunt fuld rather than the armature. Smaller con¬ 
tactors can be used in the field circuit, reducing cost and size of tin* 
controller. See sketch To avoid an <‘xce^sivi‘ voltage rise when 
the reversing contactors open, these contactors are e(iuipped with 
normally cIoscmI contacts vhich connect a discharge resistor in parallel 
with the shunt field wlu'n the rewersers open. The circuit of sketch F 
is used not only to reverse motor shunt fiedds but also in generator 
field circuits of adjustable-voltage systems to n*verse the motor by 
reversing the polarity of the geiu*rator. 

Armature Acceleration 

So far it has simply been assumed that a block of resistance is con¬ 
nected in the motor armature circuit to limit the current at the instant 
the motor is connected to the line. In CdKii)ter 2 it is shown that a rt*- 
sistor, permanently connected in series with the motor armature, af¬ 
fects the speed-torque characteristic and prevents the motor from at¬ 
taining full speed at full loa<l. To permit the motor to accelerate 
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o full Speed, the resistance in series with the armature, called the 
blurting resistance, must ultimately be short-circuited so that the 
is connected across the line. As current (or torque) peaks 
tjiiring acceleration must be limited to a value commensurate with 
the commutating ability of the motor, or with tonpie limitations of 




C-TOROUE-TIME DIAGRAM D-GPEED-TIME DIAGRAM 

I’kj. 229. Acff'lcrjilioii uf a d-f hinml iiiolor. M. Lint* contactor. \A, 2A, 3A. 
Acccicrat mg cont act ors. 

tlie driven macliinery, the .‘starting resistor may have to be sliort-cir- 
<‘uiti‘({ in sE'veral stc'ps. For an exphiuation of d-c motor acceh'ration 
hv sliort-circuiting its armature starting resistor, see Fig. 229. 

Sketch A is the elementary diagram of a shunt motor starting cir¬ 
cuit witli three steps of starting resi.stance and three accelerating con¬ 
tactors. Such a starter is called a four-step or four-point starter. On 
tin* first stej) line contactor M closes and the motor armature is con¬ 
nected to the line witli all starting resistance in seri(‘S. On steps 2, 3, 
and 4 accelerating contactors l/l, 2.4, 3.4 close in secpience with inter¬ 
vals between steps, as governed by the characteristics of the control 
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system chosen for the starter. When all accelerating resistance 
short-circuited, the motor is connected across the line and acceleratch 
to its full running s{)eed. Commercial starters arc designated by tlu 
number of steps or points they provide, which is one more than tiie 
number of accelerating contactors used. 

The total amount of starting resistance is governed by the desired 
starting torque, which in turn must be selected by the aj)plicatioii 
engineer to suit the driven machinery. Sec the resistor classification 
table in Chapter 9 for starting torques rc'commended for commonly 
used types of machinery. In sketch li speed-tonjiie curve's are plottc'd 
for a starter in accordance with ske'tcli A. The sfH'cd-toniuc curve 
for each step is a straight line, and the point at which it intcrsect^ 
the unity torcpie line is determined by the amount of resistance in 
series with the motor on tliat stc'p. Tlu' heavy lines indicate how the 
motor accek'rates, assuming that the load tonjuc of the drive is con¬ 
stant ov('r the whole range from zero to full si)eed. Furthermore, the 
resistor has been (h'signed so that tlie tonjue j)eaks during accelera¬ 
tion are erjual to tlie starting tonjue. 

When line contactor (dos(*s, the motor dt‘veloj)s a starting torcjiic 
(‘((ual to OIL In the pc'r unit system OX is the full-load tonpie and 
XY is base resistanc(*, defined as line voltage divided ))y full-load 
current. In other words, unity n'sistance is the total resistanc(* of the 
armature circuit (internal ])ius external) which would obtain unity 
starting toniue. In i>er unit, )'.l is the internal resistance of the 
motor, AO tlie total external starting ri'sistance, and YO the total 
resistance. Kxprcssi'd in per unit, the starting tonjue is 

1 

== on -- (07) ■ 

1 (f 

As the starting tonjue exceeds the load torque, the motor gains in 
sjieetl. During acceleration the tonjiK* decreases. Tlu* motor ac¬ 
celerates along s|>eed-(onjue curve JIO until the motor tonjue be¬ 
comes ecjual to the load toixjue. At this jioint motor sjieed in jx'r 
unit is XO. As motor armature current is i)roj)orlional to motor 
tonjue, field current and flux being constant, the decrease in motor 
tonjue corresjHinds to a decrease in armature current, which in turn 
results in a tleeri'ase in droj) across the starting resi>tor. Corresjxnid- 
ingly the couutt'r emf of the motor and its sjieed incn'ase. Exjiressed 
in per unit, OH is the starting current and DA’ is the full-load cur¬ 
rent. Likewise A')’ is the line voltage and A’(r the counter emf of the 
motor 



335 


ARMATITRE ACCELERATION 

Sketch C indicates in a general manner how torque and armature 

iiTcnt vary as a function of tiim*. At time /o, the line contactor 
< U,-es and the starting toniue is developed instantly. At time t, the 
:.*njue lias decreased to the full-load valu(‘. Tlie exact shape of the 
;orcjue-time curve varies with meehanieal characteristics of the drive, 
Mich as friction and inertia, and the sketch intends only to illustrate 
the general shape ol the curve. (.Correspondingly, sketch 1) shows how 
the motor speed increases during time interval to — /f 

W hen (‘cpiilibrium between motor tonpie and load tonpie has j)rac- 
tically been reached at time fi, the first accelerating contactor LI is 
closed, short-circuiting the first step of starting resistance, which in 
per unit is equal to E(i. As the motor counter emf and spe(‘d cannot 
change instantly, curnait and motor tonpie must rise to such a valia^ 
that the drop through the remaining sections of external resistance 
and int(Tnal resistance ecpials 17/. Thus the arinatiu’e current and 
toniue suddenly increase to ]H)int F, along line (iF. As the toiipie 
lh(‘n excc‘i‘ds tin* load tonna*, the motor acc(‘lerat(‘s along line FE. 
The tonpie deereast's and tin* spi*(‘d incnaist^s, until al tune /‘j the 
motor tonpie practically etpials the load t»u*(pie at point E in 
sketch B. 

Acci'lerating contactor 2A then closes. The torcpie rises instantly 
to ])oint D. The motor accel(*rates along liiu' 7/t’ until at jioint ('! 
motor tonpie etpials load tonpK' at time /.{. When the last accelerat¬ 
ing contactor 8/1 is closed and the nanaining section of starting resist- 
imce is short-circuited, the motor is connect(*d across th(‘ line. The 
ttjnpie rises to iioint 77, and the motor accelerates to point A, which is 
11 > natural full-load s])ei‘d. ddie motor is tlien fully accelerat(*d. 

Tlie starting resistance recpiired for a givtai application is most con¬ 
veniently determined by a grapliical method, as illustrated by sketch 
/>. It should be kept in mind that commercial n*sistors may deviate 
piu'- or minus 10 per c(‘nt from their nominal resistance. It is futile 
to calculate a starting n'sistor by time-consuming analytical methods 
which yield very accurate re.sults on pap<*r but cannot be realized in 
practice because of inh(‘rent variations in n'sistance of practical re¬ 
sistors. 

Tor a resistor lay-out, ])roc(‘ed as follows. Determine the desired 
starting torque from ajijilication data, so that jioint // is established 
and line (1) can be drawn. The intersection with the unity tonpie 
hue yields i)oint (E Draw a horizontal line through jioint (i and 
make UF ecpial to XII. Then draw line (2), which fixes point E, 
l^raw a horizontal line through ])oint E and mak(‘ El) eipial to XIJ. 

' me (3) can then be drawn an<l point F establi.slaal. Draw a hori- 
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zontal lino through vvliioli iiiiorsoots tho fundamontal spoed-torqi: 
curvo in point li. Whon r/? is ocpial to or smaller than A7/, the ac¬ 
celerating peaks do not oxoe(‘d the starting torque. If it is found tliir 
CB is larger than A7/, either tlie torcpic peaks must be somewhat in¬ 
creased or an additional step of starting resistance must be useci 
After the speed-ton|ue diagram has b(‘en established, the intersection- 
of the speed-ton pie lines witli (he unity tonpie line give the p(T unit 
vahu‘s of tlie starting resistance s(‘ctions. K(r is th(‘ first or E4 sec¬ 
tion, CFj is the second or 27 si‘ction, and A(' is the third or 37 section. 

In a similar manner, tin' starting resistance for series or compound 
wound motors can be (let(‘rmin(‘d graphi(‘ally. As the motor speed- 
tonpie curves an* not straight lines, it is advisable to use such a chart 
as is shown in Eig. hs tor prelimintiry n^sistor lay-outs. When a high 
d(‘gree of accuracy is r(*(iuir(‘d for a specific motor application, the 
j)r(dimiiniry roi.'-tor lay-nut mu>( be clu'cked again>t speed-tontuc 
curv(‘S calculatcMl for tin* motor in cpieslion. 

Control of Acceleration 

Control of acceh'rtition (*om))rises the means for controlling the 70*^- 
ing of tlie accelerating contatdors in proper setiuence, after the line 
conttictor has (dosed. To obtain smooth acceleration, the accelerat¬ 
ing contactors sliotdd close when the motor has accelerated on the 
})rect*ding stejis to sueli a sj)e(*d that llu* contactor (dosing will not 
cause (he tonpu* to exeec'd tlie pr(‘det(Tinin(‘(l tor(pi(‘ i>(‘ak. As shown 
in Fig. 220, (hi* aeec’lerating contactors should (dost* at or a little after 
tilt* time int(‘rvals /.j, Tlie following methods are in common 
use to control accc'lerating contactor closing. 

1. ('uvroit Innit control. the motor acce]era((*s on each s(i*p, the 
current drops from a jieak value to a lowi r vahit*. The reduction ot 
the curri*nt to a pr(*de(erinin(‘d value can thus ht* inadt* a criterion foi 
closing the next aeci*U‘rating eontac'tor. 

2. Counter ( nif control. A\diiU* the motor aeeelerat(*s on each ste]). 
the spt‘ed and count(*r (*mf rist*. l^y measuring the voltage across tlu' 
motor armatuiH* it is ]>ossihle to de(('rniine tin* speiMl at which each 
acc(‘lcrating contactor should clos(*. 

3. Definite tune control. The most reliahle nu*thod is obtained by 
introducing a definitt* time int(*rval lH*tw(*('n tlu* closing of successive 
accelerating contactors and by ailjusting the timing so as to obtain 
uniform aee(*h‘rating-current pt*aks. 

In tlu* following paragraplis tlu* l)asi(' circuits of starters using tlu* 
above accel(*rating control nu*tluMls are ih'scrihed. The elementary 
diagrams show* only such eireuit elements as arc necessary to bring 
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; the salient features of tlie basie control circuits. Actual control- 
incor[)orate additional elements, especially protection. Practical 
, pntrollers are explained in detail in Chajiters 17, 18. 19. 

l iaure 230 is the ha.sic diajirani of a current limit type starter. 
\, ('e!crating relays lAi?, 2ARj SAR respond to the motor armature 
I nrent. These relays have a light-weight armature so tliat tliey pick 
• ij) and oj)en their contact very fast when a curnait hidier than 
iH.nnal motor current flows through their coil. When the current 
uroi)S to a set value, the relays drop out and close tlieir contacts. 



I n. 13ao Slrotinff control ciicuils \\illi rnin nt litnif jhmm N'mI ion. Lini'con- 
t.i< lor. I.t, 2/1, l\A. Acccli rating conlactoi^. l.t A', 2.1 A', il.t U. Acc<‘l(‘ra(iiiji: relays. 

Jh'cssing the start i)Usii button (‘iiergizes liiu' contactor which 
-caN itself in through a normally open interha*k. Anoth(‘r int(‘rlock 
on .1/ ])rc])ares a cii'cuit to (‘iiergize the acceh‘raling contactors. How- 
Mcr. before contactor coil l.l is eneraiz(ai through in((‘rIock .1/, a(‘- 
ctlerating relay 1.1/f lias openecl contact, thu^ preventing 1.1 from 
closing. It is essential that re-lay 1.1/f o]H‘n v<‘ry fast and that the 
nitc'ilocks on M close a sufficient time* allei* the main contact of Af 
ha- closed to enable l/i7f to optai in tlje meantime. 

him th(' armaturi* current drops to noiinal, relay 1.1/f dro])H out 
and closes its contact, energizing contactor 1.1, whicii clos(‘s. (dirreut 
dien flows tlirougli ri'lay coil 2.1/f, and this relay opens its contact. 
An instant later an interlock on 1.1 closes and ])repar(‘s a eireuit for 
<‘eil 2A. The armature eurrent drops to normal as the motor aeeele- 
lates furtlier, and relay 2AR droj)s out and el()s(*.s its eontaet. ('on- 
nator coil 2.4 is tliiai energized, and contactor 2.1 closes. Current 
lows through the coil of riday AAR, wliieli pieks uj) and ojwns its con- 
’ at. An instant later, an interlock on 2.1 closes and i)r(*i)are8 a 
I’cuit for coil 3.4. .As the motor armature current decreases, relay 
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^AR closes its contact and causes contactor 3-4 to close. The motor 
is then connected across the line and the accelerating cycle is coui- 
pletc. 



B-WITH SEPARATE VOLTAGE RELAYS 

Fio. 231. Starting? cdiitnil circuit wilti counter cMuf accf’le’ration. M. Line con¬ 
tactor. 1 A, 2.4, 3-1. Accelersit injr ctmtaclor-s. lAR, 2Ali, 'iAli. Acceleriitinp relay". 

To insure successful operation of tliis type of starter, the current 
limit relays must he light and fast. The adjustment of electrical inter¬ 
locks on the contactors must be maintained carefully so that they 
close slightly tifter the main contactor tips close in the power circuit 
Figure 231 shows basic circuits of starters with counter emf accele¬ 
ration. A siinjile circuit freipiently used on small starters with only 



CONTROL OF ACCELERATION 339 

, lu' accelerating contactor is indicated in sketch A, The coil of ac« 

, U niting contactor 1-4 is conncrted in parallel with the motor anna- 
r hen line contactor M closes, tin' droj> across the motor anna- 

i -ie is small and contactor 1-1 stays open until the motor has ac- 
, t Icrated to such a speed that the countia* end is suiriciently high to 
, Id to close. 

Standard contactors do not lend themselves readily (o adjustment 
lor })ick-up at varying voltages. For tliis reason, the circuit of 
-ketch -1 is not used when tlie startcT incorporati's a number of ac- 
ederating contactors which must close at armature voltages varying 
over a considerable range. In such a case separate' voltage relays are 
connt'cted in parallel with tlie motor armature, as shown in sketch /?. 
lU'lays are easier to adjust for i)ick-uj) at dilTerent voltages, and they 
in turn arc used to energize the contactors. When tlie start pusli 
hution is pressed, line contactor M closes and the n.otor starts ac¬ 
celerating. When the speed and counter emf have inert'ased to a pre¬ 
set erniini'd value, relay L47t* closes, causing contactor L4 to close. 
A- the motor si>eed rises furtluT, rc'lay 2AR clost's and ein'rgizes con- 
i.ictor 2-4. Finally, as the motor sp(*('d rises still further, relay 3-4/i^ 
cl()se.> and energizes contactor 3-1, comu'cting the motor across the 
iiie*. 

(Uirrent limit and counter ('inf method^ of starting d(*termine the 
in'‘tant at which a(*c(‘lerating contactors close by nu'asuring some 
operating quantity of th(‘ motor ciicuit. The contactor closing se- 
'luenee adjusts itself automatically to varying load conditions and 
maintains uniform accelerating current and torcpit' jx'aks. Pcviduction 
machinery may be startl'd light or loaded. When the load is light, the 
mceh'rating time is short ; when tlu' load is heavy, the acceh'rating 
tune is longiT. Ilow’evc'r, there is one recpiin'nu'nt which must be ful- 
hlled to obtain closing of the accelerating contactors. The motor 
ffiifst start on the first step, that is, it must start when the line con¬ 
tactor closes and all starting ivsistance is in seri('s with the arma¬ 
ture. Should the motor fail to start, the arnnitun' curiTnt will not 
diop, and the counter emf will not build up. 4'he accc'lerating con¬ 
tactors wall be preventi'd from closing and tlu' motor will stall, and the 
"larting resistor is in dang(‘r of burning out. Even if the motor should 
^^art but fail to accelerate to ti spi'cd jH'rmitting th(' current limit or 
'ounter emf accelerating relays to ch»sc, tlie accelerating contactors 

ill not close. 

Many machines o^ierate in widely different ambient temperatures. 
^ a warm summer day, w ln'ii grease and oil are soft and fluid, the 
''U'fjue reejuired to start the machine is low\ On a cold wunter morn- 
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ing, espcriully after a shut-down over the week-end, grease and oii 
arc hard and stiff, friction is high, and a much higher torque is needed 
to start the machine. If current limit or counter emf acceleration 
were used, the relays would hav(‘ to be adjusted so as to obtain start¬ 
ing current pc'aks suffieicait to start the motor under the most advert)* 




Fm. 232, C*oin|>;»nson Ik'Iwimu noniril and lieaxy .start with tlefinito time ac- 

c( l«Mat ion. 

condition. These starting jieaks would bo higher than necessary to 
start the motor under an average load condition. Thus the current 
peaks in gcMH'i al would be liiglua* than iummUmI, causing increased main- 
tenan(‘(' and rt'diieing tlie lift' of tlu' motor, j)artieularly if the motor 
is started fnMjuently. 

This disadvantage is avoided by definite time control of accelera¬ 
tion. With this system, the closing t)f contactors is made a function 
of time, and the time intervals between contactors are adjusted so as 
to obtain smooth a(‘celeration and uniform peaks under average hmd 
conditions. If a pfirticularly heavy starting condition occurs and the 
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, t)lor fails to accelerate on the first starter step, the first accelerating 
,,)ntactor closes after a definite time dc'lay, increasing: the starting 
,,vque. If the motor still fails to start, the secoiul accelerating con- 
utor closes and increases tlie starMiig torcjiu' still fiirtiier so that 
\[)K motor has a chance to break static friction and start the machine. 
Tiidcr such conditions the accelerating current laaks an* liighcr than 
lerinal, but they occur only oeea-^ionally, whereas on normal starts 
lilt' peaks are lower. This starting performance is illu'^trated by Fig. 
M'J. On the left side diagrams are plotted, similar to Fig. 229, for a 



1 K, Sturtiiig coiitud cm ml> Willi d« Imiti Imu .i< (. I« i.ihon Iw tm rhaiiirjil 

iijiKT M. Line contactor. LI, IM, .Tl \. <. It i H un; contaMois. 77L Dt'liinlc* 

turn It i IN 

nonnal start; on the right ^de coin-pondmg diagrams are plotted 
lor a hctiNV start. In both cases the "aim' siartei is used with the 
"aiiK'ri’sistor layout ami tiie saim' time intervals between tici'i'li'iating 
1 ontactors eiosiiig. 

Various methods arc avtnlahlc to obtain lime delay inlcl^als he- 
twi'cn accelerating contactoi". They can he snLdnided into thiee 
basic typ(‘s: 

1. ^hrliJtiiical timers. 

2. Thm* delay drop-out contacttiis. 

3. Individual timing relays. 

Sliown in Fi};. 23;i is a MaHcr with ilcfinitc lime am-lcmtion by 
mcanh of a mcrlianical timer. TIi i- a (immu relay, either holenoirt 
or motor-operated. Tin.-, relay rontam- a mulliiilifity of eontaets, us 
many as there are aeeeleraliiiK eontaetor-, winch are ii'-milly arrange 
nn a eomnion sliaft so tliat tliey elo-e m time .serineiiee with adjustable 
Lijic intervals between them. 

When the start push button is pre-i'd, lim' contactor M closes and 
' als itself in. At the same time relav 77i’ is eiierfiized. After a time 
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delay, contact 1 of the relay closes, which causes contactor lA to clo^e. 
After another time delay, contact 2 of relay TR closes, which ciur- 
gizes contactor 2A. After a further time delay, contact 3 of relay 
TR closes, causing contactor 3A to close, and the accelerating se¬ 
quence 28 completed. 

Acceleration by time delay drop-out contactors is illustrated in Fi^. 
234, An individual contactor is shown in Fig. 111. Each contactor 
has a normally closed main contact. In other words, the contact is 
closed when the contactor coil is de-energized, and it opens when the 
coil is energized. The magnetic structure is designed so tliat the con- 



Flci. 2a4. Startme fdiiliol circuils with drliiiitc' tiin<> acci I< ration hv tiinr <h*la\ 
drop-out contactois. M, Lmc eonlartor 1.1, 2.1, IlA. Acreleuit conlactors 

tactor drops out with a time (h*lay, after its coil lias Immui di'-energized. 
Because of th(‘ small travel of it^ armature it cannot int(Truj)t current, 
but it can close only und(‘r poxNcr, It is therefoia* ni'cc'^sary to ener¬ 
gize the accelerating contactors and cause their contacts to open be¬ 
fore the motor armature circuit is connected to the line. 

Pressing the start button energizes contactor LI, which opens its 
main contact. An intcadock on LI energizes 2.1, and an interlock on 
2.4 energizes 3.L With all three a(‘celerating contactors open, line 
contactor closes, as its coil is energiz(*d through intc'rlocks on 1.1, 
2.4, 3.4 in serii's. Contactor M seals its(‘lf in. A normally closed in¬ 
terlock on M oj)ens and interrupts the coil circuit of lA, which dro])*^ 
out and closes with a time delay. An interlock on 1.4 interrupts the 
coil circuit of 2.4, which also drops out with a time delay and closes 
its main contact. An interlock on 2.1 de-energizes the coil of 3.4, 
which also drops out and closes its main contact with a time delay. 
Tins comphdes tlie accilerating setpience, and the motor is connected 
across the line. 

Time delay drop-out contactors have the advantage that no aux¬ 
iliary devices, such as timing relays, are reciuir(‘d. It must be recog- 
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ni^ed tliat such contactors can be used only on starters actuated by 
ymsh buttons or other single-circuit pilot devices. ().i many inter¬ 
mittent-duty drives the operator is given manual control over the 
accelerating contactors so that they can be clost>d and droppi'd out 
af will by moving a master switcli to various positions. Standard 
blowout type contactors are then used which arc able to open under 
current. To avoid too rajiid an acceleration when the ojierator moves 
the master switch from the off position to one of the running posi- 



J'ki. 235. Slarliiijj: conttol rirrtn‘1«! wifli dcfiinto liiiu' accflt*ia1 inn l>y 

acct'li'rahnK n‘la\s. M. Lint cnn(aclt)i, I I . Linit r\ oHap' n lav. \A, 2/1, 
3/1. Acct'Ierafing contactoi.s. lAIij '2AI\, 3-lA'. Accck’ialin^ n lays. 

tions, individual drfinito time delay relays are used to provide the 
necfssary time interval between closing of successive accelerating 
contactors. 

Tliis accelerating syst(‘in is us('d withdy for in<(‘riru<teid-duty 
motors. Tyj)icai connections for inasbT switch control of a series 
motor are given in Fig. 235. Undervoltage nday rV r(‘(iuires the 
master switeli to be returned to the ofT position in case of loss of con¬ 
trol \t)ltagc. Wiien the master switcli is moved slowly from tlic olT 
po>iti()n through tlie four running jiositions, the line contactor and tlic 
accelerating contactors close as soon as tin* rcsjicctive master switch 
positions are readied. However, wlien the ma>ter switch is moved 
rapidly to any position beyond the first, the corresponding accelerat¬ 
ing contactors close in a definite time seciuence, as governed by the 
accelerating relays. 

^lagnetic time delay drop-out relays are used, such as are de- 
"‘Cribed in Chapter 4 and shown in Figs. lOS, 109, and 110. Relay 
l*4/f has a cop per-jacketed coil, and it is energized as long as con- 
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tactor M is open. When M closes, the coil circuit of is inti p. 
rupted. lAR drops out with a time delay and closes its contact, wLk h 
permits contactor lA to close on the second position of the 
switch. The coils of relays 2 AR and 3AR are not equipped with cop¬ 
per jackets. Instead they are connected across sections of tlu* 
starting resistor and obtain their time delay by having their coils 
short-circuited when contactors lA and 2 A close. When contactor 
M closes, relays 2 AR and SAR pick up and open their contacts, 
contactor lA closes, the coil of 2AR is short-circuited. Relay 2 AH 
drops out after a time delay and closes its contact, permitting con¬ 
tactor 2A to close on tlie third master switch position or beyond 
When 2A cIos(‘s, coil 3Ai? is short-circuited. Relay 3AR drops out 
after a time delay and ])ermits contactor 3A to close on the foiiith 
mast(T switch position. The operator may slow down the drive l)v 
returning tin* mastcT switch to the first position, which drops out tlio 
accelerating contactors and inserts the starting resistance in seri(‘s 
with the motor. Wlnni tli(‘ master switch is then turned rapidly to 
th(‘ fourth position, the motor reaccelerates, and the closing of the 
accelerating contactors is governed by the time delay provided by 
the acc(‘l('rating relays. 

Field Acceleration 

Speed control of adjustable-specd shunt motors is obtained hv 
means of a rlu'ostat in sc'iic's with the shunt fudd. When an adjust¬ 
able-speed motor is started, the rheostat is preset and the motor 
ac<’elerates to full spe(‘(l, as deti'rmined by the setting of the rheostat 
To obtain full starting tonpie, full field curnait must be availabh' 
when the motor i^ connected to the lin(‘. Standard starters for ad¬ 
justable-speed motors include a full-field contactor or relay wliicli 
short-circuits the fudd rheostat, while the motor is accelerated to 
basic speed by short-circuiting of resistance in series with the arma¬ 
ture. After the la.st accelerating contactor has closed, the full-fiebl 
contactor or riday opens, and the motor accelerates to full speed, 
corresponding to the rheostat setting. 

When a motor with a wide speed range, say 3 to 1 or 4 to 1, i"^ 
started and the rheostat is left in a position for maximum speed, the 
sudden weaki'uing of the field, when the full-field contactor opcn'<, 
is accompanied by a high armature current peak. This jieak current 
can be limited by a fiidd-accelerating relay. Shown in Fig. 236 are 
the essential circuits of a definite time acceleration starter which arc 
similar to those of Fig. 234, except that a field rheostat and field- 
accelerating relay FA have been added. Relay FA has two coils act- 
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inp on a common armature, a shunt coil anil a series coil. The polar¬ 
ity is such that the flux produced by the two coils during acceleration 
1 . in the same direction. When the motor is started, the shunt coil 
holds the relay closed, and its contact short-circuits the field rhwwtat. 
I'ull field is tints maintained until acceleratins contactor 3.1 drops 
out and closes. A normally open interlock on 3.1 disconnects the 



Tk. 23G StarhriK control ciiciufs for .uI|ii''t.il>I('-'spf‘fMl vliunl motor with ficltl 
tt ft It uitiiip; K'liiv. M. Line cont.ictor. LI, 2.1, ‘LI. Acc< Iciiit inn coiiliictorH. 

FA, I' jt hi ;icrt‘h i!itinn 

"Inint coil of FAy and the relay is tlien under the control of tlie enr- 
rent coil. When the motor armaturi' current drops to normal, relay 
/'d oi)ens its contact and inserts tlie rh(‘ostat in series witli the slnmt 
held. As the armature current rises a^ain, the curr(‘nt coil causes 
relay FA to close. As a result tlie armature current drops, jier- 
initting FA to drop out. This cycle may be repeatial several times. 
As the motor speed increases, the current peaks duo to dropping out 
/'A become smaller and smaller, until finally the motor attains full 
‘'peed and relay FA stays ojien. 

This same relay also acts as a field-decelerating relay. On some 
applications it is desired to reduce tlie motor s)H*ed t(‘mporariIy to 
ha-ic speed, which can be dom* by connecting a slow ])ush button in 
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the shunt coil circuit of relay FA, as indicated by dotted 
When the slow button is pressed, FA is closed by the shunt coil anri 
the field rheostat is sliort-circuited. The resultant sudden increase m 
flux causes the motor counter emf to rise suddenly above line voltage 
and the motor pumi)s current back into the line, and the direction of 
armature current reverses. Thus the current coil of relay FA buek^ 
the shunt coil. If the reverse decelerating current is sufficiently high, 
the current coil flux overcomes the shunt coil flux and FA drops out, 
reinserting the rheostat. The armature current then drops, and the 
shunt coil regains control of FA, which closes its contact. This cycle 
may be repeated several times while the motor decelerates. When 
basic spe(‘d is reached, tlu* current drops to normal and FA stays 
closed. 

Relay FA is designed witli a large air gap in its magnetic circuit 
Thus the inductance of its coil circuits is low, and flux changes follow 
changes in series coil current rapidly. The changes in motor arma¬ 
ture ciirrcuit dining acceleration and deceleration between basic ami 
full sj)eed are contingent u]H)n changes in the flux of the shunt field, 
which are delayc'd by the inductance of the field. The armature 
current peaks do not occur instantly, but the armature current 
builds uj) within a short, though finite, time. Thus the fast “tel(‘- 
grapiling” action of riday FA has tin* effect of intercepting the 
buihl-up of the armature current, and tla* current peaks are reduced 
by the relay. 

Armature Shunting 

In addition to means for starting and accelerating, a controller 
may have to provide for deceleration of a motor below its full run¬ 
ning speed, for instance for the purpose of reducing the kinetic energy 
stored in the motor and the driven machin(‘ry, in order to stop the 
drive more accurately. Adjustable-speed shunt motors can be slowed 
down to basic speed by ai)plying full field. Constant-speed shunt 
motors and series motors can be slowed down by inserting resistance 
in series with the armature. However, as has been explained in 
Chapter 2, inserting resistance in series with the armature produces 
slow-down only when the motor is loaded, but has little effect when 
the motor is lightly loaded. A reduction of the no-load speed can 
be obtained by connecting resistance in parallel with the armature, 
whicli is indicated in Figs. 20 and 21. With this connection, the 
motor develops braking torque when the armature shunt is applied 
while the motor runs at full speed; this torque slows down the motor 
rapidly. 



ARMATURE SHUNTING 347 

Shown in Fig. 237 arc the principal circuits of a series motor con¬ 
troller with armature sliunting. This diagram is similar to Fig. 235 
except that a resistor in parallel with the armature is added. The 
iHvistor connection is established by contactor S. On the first master 
switch jtosition, S is closed and a low no-load speed is obtaineil. On 
the second position, iS is dropi)e<l out. On suhse(iuent master switch 
jwsitions, the accelerating setiuence is the same as tioscribed for 



Fu. 2,'^7. D-(* MiK's motor control ('ircuit«' with iiiiimimc .slmntIn^^. M. Liiu' 

ujiiliiclor .S AiiiiatuK' 'ihunt contat lot Lt, 2.1, .'FI Accf’lciatinji cont:irtorh. 
I I . FntJcTN olta^c k lay. Aimalun' shiintinjj; n la.'S’. \Ali, 2AU, .'M/t'. Ac- 

c( It r.Hinj? It la\ s. 

Fij^. 235, under tlie control of (Udinitc liine-accf'lcraiinf; rt'lays. There 
one additional interloekine; feature. To avoid exe(‘ssive current 
flow througli the armature .‘-hunt re.vjvtor, tlie elo.siii^ of tin* aeeel(‘rat- 
nifz; eontaetors, whieh .short-eireuit the rc'si.sttinet* in .seri(‘s with the 
armature, is pr(‘vented as lon^ as *S elos(‘d. A normally closed 
interlock on tS permits contactor L4 to clo^(' only aft(‘r S lias dropped 
out, so that S and \A cannot overlap when the master switch is 
rapidly advanced from the first position. 

Another interlocking feature is ])rovid(‘d to ])revent contactor 
from closing, upon returning the master switch to the first position, 
until after tlie accelerating contactors have* dropp(Ml out. Otherwise 
excessive dynamic braking torfpie juaiks would occur. It is pre¬ 
sented by relay SR. Tliis relay is energized and opens its contact 
S'hen accelerating contactor l.i closes. When the ma.ster switch is 
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returned to the first position, contactor lA drops out and de-energiz^ 
the coil of relay S/2, which drops out and closes its contact with i 
slight time delay. Thus, by delaying the closing of contactor S until 
after lA has dropj)ed out, assurance is given that the armature 
series resistance is inserted before the shunt resistance is connect('(i 
in parallel with the armature. 

Dynamic Braking 

To assist in stoj)ping a motor, or to prevent a motor from beinji 
overspec'ded by a load under the influence of gravity, a dynamic 
braking connection may be employed. Such a connection, as ha^ 
been exj)lained in Chapter 2 (see Figs. 22 and 23), establishes a loop 
circuit through which armature current can flow. The field of 
course must stay energized. In a shunt motor, the shunt 
remains connected to the line, and in a series motor, the arinatur(‘ 
loop circuit must include the series field. Shown in Fig. 23S arc 
several basic circuits which are used for dynamic braking. TIk* 
diagrams include only such details as are reciuired to illustrate the 
function of dynamic l)rakiiig control. Only th(‘ starting resistor i< 
inclu(l<Ml, and the details of acceleration control are omitted. 

A simple nu'thod to oht.ain dynamic braking of a shunt motor is a 
normally closed jiower contact on the line (‘ontactor, as is shown in 
sketch A. When the line conta<*tor drops out, this normally closed 
contact closes and establish(*s a loop circuit for the motor armature 
current through the starting resistor. Tliis simi)le method can be 
used only on controllers for small motors, siiua* large contactors 
cannot be obtained witli botli normally open and normally closed 
power contacts. 

The control circuit of sketch .1 has tlu‘ advantagt* that no addi¬ 
tional device is r(‘(iuired for establishing the dynamic braking loop. 
The starting resistor is used as a dynamic braking ri'sistor. In the 
design of the resistor, a compromise must therefore be made between 
the most desirable starting performance and the movst desirable 
dynamic braking performance. Care must be taken that the acceler¬ 
ating contactors open at the same instant that the line contactor 
opens. If the dynamic braking circuits were established while the 
accelerating contactors are still closed, an excessively high armature 
current would flow, which would damage the commutator. 

Sketch Ji shows a circuit suitable for use with larger motors. A 
separate dynamic braking contactor DB is used, which establishes 
the braking loop circuit through a separate braking resistor. This 
arrangement gives greater flexibility, and the starting and braking 
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!•(can be designed independently for the most desirable start¬ 
ing and braking perfonnanee. Also, it is immaterial whether or nut 
me aeceleraMng contactors open before I)Ii eloses l>eeanse the dynamic 
l.Kiking armature current depends only on the In-akmg resistance. 



A-BRAKING BY NORMALLY CLOSED CONTACT ON LINE CUN 
TACTOH 



B BRAKING Ur UYNAMK BRAkiNC lONTACIOR 



c BRAKING BY SPRING CLOSED CONTACTOR 

I k,. D-r <lynaiiu(' hiakinij; confiol M lam cunfacfor. L. JiOWta 

lamtaclor. l)Ii. Dynamic hrakiiig conlatloi. ( ’V. Vmici \ oil a^c r<‘lav. 

T1k‘ coil of crmtactor DB is connected in tlie motor armature cir- 
<'nit. As soon as M closes, tlie coil of DB is energized. Since DB 
Hi\i>t not close as long as M is closed, it is n(‘cessary to interlock 
tlioc two contactors mechanically. \Mien is dropped out, DB is 
n*e(‘ to close, and the counter cinf of the motor ket'jis the contactor 
< ‘>il energized. During d(*celeration of the motor, the current through 
DB coil decreases and, as the motor approachc^s standstill, DB drops 
’it. Connecting the DB contactor coil in the armature circuit has 
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the advantage that a failure of control voltage does not prevent ])B 
from closing. 

Spring-closed dynamic braking contactors are used for einergoiicv 
braking on hoists and the like, where the load is under the influence 
of gravity, and a failure of tlie mechanical brake may result in a 
run-away condition. Sketch C illustrates the basic emergency dy- 
namie braking circuit of a master-svvitcli-operated controller for a 
series motor. Dynamic braking contactor DB is of the spring- 
closed type. As long as this contactor is de-energized, a loop circuit 
is established connecting the armature and the series field in scriiv 
with the braking resistor. 

With the master switch in the off position, or in case of control 
power failure, DB drojis out and establishes the dynamic brakina 
circuit, (k)ntactor DB may also be used, as shown, to obtain a 
shunted motor connection on the first master switch position hoist¬ 
ing and/or lowering, by leaving DB closed with all starting resist¬ 
ance in the motor circuit. This motor shunting obtains a reduction 
in liglit-load speeds. Tliis feature is indicated in sketch (\ but if it 
is not desirt'd, the master switch contact controlling DB is arranged 
to close in all positions except the off position. 


Plugging 

Another method of bringing a motor to a stop rapidly is pluir- 
ging. While the motor is running in the normal direction of rota¬ 
tion, the motor armature connections are reversed, and the motor 
develops tonpie in a direction opposite to the normal running torc|ue. 
Instead of driving the load, the motor applies a counter torcjue to 
the load, which has the etTect of retarding the load. While the 
motor is being plugged, the armature counter eiiif, instead of ot)pos- 
ing line voltage, adds to line voltage. Nearly twice normal voltage 
is applied to the armatun* circuit at the instant the motor is plugged. 
To limit the armature current and tonpie, it is necessary to insert 
resistance in series with the armature during plugging. In the pc^r 
unit system, the torcpie developed at the instant of plugging is ap¬ 
proximately 


2 

Tp = — - 

2I{,„ + R„ 


(08) ■ 


where Tp = initial plugging torque in per unit, 

Rui — internal armature rc‘sistance in per unit, 

It a — nvsistance in series with the armature in per unit. 
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In order to limit the initial plugging tortjue to normal tortpie, 
nearly twice normal ohms must be connected in series with tlie arma¬ 
ture. 

Figure 239 is the elementary diagram t)f a control ciroiit designed 
to obtain an automatic plug stop. Only the starting re.sist<<r is 
shown, and the accelerating contactors are omitted. Fine ctmtactor 
M connects tlte motor to tlie line for the normal direction of rota¬ 
tion. Plugging contactor P reverses the motor armature. As the 
starting resistor usually does not contain sufficie.it resistance to limit 


PLUGGING 
W P RESISTOR 



I’jt, 239. Aiitunialic control cinints. M. contactor. /'. IMiigging 

contactor. 

tiio tor(|iK‘ to iioriiuil, a separate* phig:p:iiiK resistor is in- 

>erle(I in series witli tiie armature eiuritt^ the* pl\it;pnjj; operation only. 

The plu^giing action is controlled by ;m automatic plugjuinj^ switch, 
^ucli as sliown in Fig;. 101. lliis switch is connected to the motor 
sliaft and liolds its contact eloM‘d as long, as the* motor rotat(‘S in tin* 
normal direction. While tlie motor runs witii line contactor M 
closed, a normally closed iiit(‘rlo(*k on M prevents plug;ging eontjietor 
P from closing. When the stop button is ])n‘ssed, M and the aeeeler- 
ating contactors droj) out. Since the plugging switch is already 
closf'd by motor rotation, contae*tor P then closes and r(‘V(‘rses the 
armature connection, tlic plugging resi'^tance plus the starting re- 
''istance limiting the ])Iugging torejne. The motor d(‘C(*lerat(‘s and as 
the motor reaches nearly standstill, the plugging swit<*h ()j)cns its 
contact and drops out P, disconnecting tin* motor from tlie line. If 
P were permitted to n’lnain closed after the motor had stopi)ed, the 
motor would start in the opposite direction of rotation, load tonpu* 
ixfinitting. 

Plugging is often used to obtain rapid n*versing of intermittent- 
duty drives, such as crane travel drives, steel mill auxiliaries, and the 
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like. Such drives are usually powered by series motors and (v t,, 
trolled by master switches. In Fig. 240 the principal connections 
shown for a reversing, plugging, five-point master-switch-operari ,! 
controller for a series motor. This controller resembles an ordinarv 
reversing controller, and the previously discussed control element- 



F’HJ. 210 lO'Nrrsinj;: pIhkkitiK ronlrol (Mmiit- ( rndcTvoltjiKr r»'lav. IF, 2F 
Forward ront.iclois. 17/, 2//. Ri'Xf'r^' coiilaclois (ontactor. 1/1. 

2/1, 3/1. .Xrcok'raliiiK contactors PF, FH. PlujiKing relays. \AH, 2AR, 3A// 

Arceloi.il iiijr irla>s. 

for arniallire reversing aiul definite time aeeelerntion ran be recog¬ 
nized. The plugging controller contains an additional resistor sec¬ 
tion, controlled by plugging contactor which has no significant^' 
for the starting performance but has the purpose of limiting the 
jilugging tonpie. Contactor P in turn is controlled by i)luggiiig re¬ 
lays PR and PF, which are voltage relays. They are interlocked 
with the reversing contactors so that PF is energized when the for¬ 
ward contactors are closed, and PH is energized when the reverse 
contatdors are cK)se(l. Both relay coils are connected to one termi¬ 
nal of the resistor. In the diagram they are connected to R2 al¬ 
though, depending on the resistor lay-out, they may be connected to 




LAY-OUT OF CONTROL CIRCUITS 353 

H3. The function of these relays will be understood best by follow- 
]]ip through the sequence of operation. 

Assimie that the master switch is moved to the first position for¬ 
ward. (\)ntactors IF, 2 F close and connect the motor to the line 
witli terminal Al positive. At the instant of starting, there is no 
( iiunter eiiif, and full line voltage appt‘ars across the armature series 
11 distance. Relays 2A/f, ‘>A/;* i>ick up as there is suffi- 

(ient drop across their coils to cause the rt‘lay armature to close. 
.Moving the master switcii to position two closes contactor P imme¬ 
diately, There is no time d(*lay interposed between master switch 
positions one and two, as with P open there is only a low tonpie 
;iviiilable, which may be of value to tlie operator to tighten up gears 
or the like but does not start a normal loavl. As the master switch 
1 .- advanced to the last position forwanl, the accehaaling contactors 
close with time intervals between them, as gov(‘riud by tlu‘ definite 
t iiiie-aecelerating relays. 

I.et the master switch be turned rapidly to the fifth ?>osition in the 
rev(‘rse direetion. The forward, plugging, and aeeelerating e(Hita(‘tors 
droj) out, and so <loes relay PF. Rt veix' contactors I7f, 2H close 
iiiimediately and coniuad the motor tt) the* lini‘ witli all ri'sistanct' in 
scries witli tlie annatur(\ Th(‘ jiolarity is sucli that motor ttaaninal 
A2 is now connected to th<' ])ositice line. Since tla‘ motor still turns 
in th(‘ forward dir<‘etioii, tlu‘ (*oiui(er emf adds to Iiiu‘ voltag(‘. TIk^ 
drop from HI to H2 is approximately e(|ual to but of opposite direc¬ 
tion to the counter emf betvvi*en A2 and At. Thus tlier(‘ is ])ra(*ti- 
cally iio ])()tential difference betwetai A2 and F2, which means relay 
PH does not jiick uj) and contactors F, lA, 2A, 'Ll stay opim. As tiie 
motor dec‘eliTates, its counter emf d(‘cn‘ases and tlie potmitial dif¬ 
ference b(‘hveen A2 and H2 inereasi's. Wlum the motor lias d(^- 
<’cl<*rated to practically standstill, sufliciimt voltage appi^ars across 
th(‘ coil of PH so that it closes. Contactor P th(*n close's, and sub- 
^eeiuently the accelerating contactors close* in time se*ejiiene*e', aceele‘r- 
ating the medor in the rev(‘rse direedion. 

Turning the master switch rapieily in tlie* forw’ard dire'ctiem obtains 
a similar s(*ejucnce, cxe*cpt that contactors IF, 2F close* to j)lug the* 
motor. Relay PF functions to hold off tiu* closing of plugging anel 
.'ucciiTating contactors until the motor ha'^ dcccle*rate*d practically te) 
standstill. 

Lay-out of Control Circuits 

Although the feiregoing eliagrams are neit ceimplete in e*vc‘ry elotail as 
ound on practical cemtrollcrs, e*e*rtain i)rinciple*s arc inve)lve‘d in their 
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lay-out which are general in nature and should be observed in \i)y^ 
design of any controller. 

1 . In order to avoid sneak or back circuits, one terminal of u\\ 
contactor coils should be connected solidly to one side of ilw 
line. This solid tie avoids any danger of connecting severul 
contactor coils accidentally in scries with the result that con. 
tactors may riot drop out when they are supposed to drop out. 

2. The foregoing leads to the requirement that all pilot device 
contacts and all interlocks he connected in the opposite side of 
the line. Thus all pilot device contacts are at the same poten¬ 
tial, with the resultant advantage that there is no danger of 
breakdown of insulation between j)ilot device contacts. 

3. On many industrial d-c power systems the negative line L2 i^ 
grounded. It is [)r(*f(Table to connect all common coil leads to 
line L2 and pilot devices in the positive side of the coils. If a 
ground occurs in a lead betw(‘(‘n })ilot devi(‘e and coil, the con¬ 
trol line is short-circuited, but the coil is not energized. If the 
common coil (*onn(‘ction were tlu* positive side and pilot device^' 
were in tlu* n(‘gative coil side, a ground may cause contactors to 
close and start the motor ina<lvert('ntly, with resultant danger 
to life and limb of oi)erators. 
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CHAPTER 12 


BASIC ALTERNATING-CURRENT CONTROL CIRCUITS 

Many of the basic control circuits for starting; and accclcratinp; a-c 
motors arc identical noth or resemble closely the c(»rrespondin^ d-c 
motor control circuits. Others are radically difl’erent because of 
inherent ditTerences in motor liehavior. As in the jirecedinji chapter, 
commonly used basic control circuits are discussed, and tlu‘ diagninis 
are simplified to brin*^ out the salient fc'atures of tlie cinitrol function 
under consideration. Details not essential to the control function 
flescribed are omitted, and ihe diagrams are nut complete tliagrams 
of actual controllers. 

Control Power Sources 

On controllers for low-voltage* thr(‘e-phas(‘ motors, the* control 
circuits are usually connect(‘d to two jirimary power lini's. As a 
matter of ])rinci]de, it is immaterial which two lint's art' usi'd. How¬ 
ever, as standard controllers an* designed so that tlity nuiy Ik* list'd 
for three-j)hase t)r twti-phase motors, it has becoint' accepted jiractict' 
to connect the control circuits to lines lA and L3, as control ilcvice 
coils are then eoniu'ett'd across oiw phase of a two-pliase systt'in. 
t >11 controllers for liigh-voltagc motor'-, tlic control circni4s can either 
l>c connected to the power line through a stt'p-iiown control trans¬ 
former or tt) an indepemli'iit low-voltagt' a-(‘ system. On eitht'r 
IukIi- t)r lt)w-voltage motor controllers, contactors and rt'lays may 
als(» he used with d-c operated magnets, as discussi'd in Ohapti'r 5. 
d’hc control circuits are then connected to an iudejn'mh’nt d-c jiower 
source. 

When a control source is usc'd which i^ not connc‘ct(‘d to tlic juiwcr 
source for the motor, consideration must Ix' given to jiropcr un<ler- 
voltage protection. Protection against failure of control voltage is 
has(‘d on the same i)rincii)les as described for d-c controllers. Mo¬ 
mentary contact julot devices afford iimh'rvoltage protection inher- 
‘■nlly. Alaintained-contact pilot <levices provide iimh'rvoltage re- 
h iise, and an undervoltage relay has to b(‘ addl'd for undervoltagc 
i»*‘otection. The motor powi'i* source', howcv(*r, may fail without 
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affecting the control source. Thus the motor may be stopped, al¬ 
though control connections remain established. Unless proper pi.- 
cautions are taken, the motor would restart automatically wIku 
motor power circuit voltage reappears. The motor power circuit 
should be interlocked with the control circuit so that control power i> 
removed in case of motor power failure. It is done by connecting an 
undervoltage relay to the power circuit which, in case of motor power 
failure, interrupts the control circuit. 

Starting and Jogging ^ 

All a-c motors, cither scpiirrcl cage, wound rotor, or synchronous 
type, are started by closing the line contactor and connecting tin* 
stator to the jxiwer lines. The control circuits used for this opera¬ 
tion are identical with tlie ones employed for d-c motors. The cir¬ 
cuits giv(*n in Figs. 228, 224, an<l 225 for starting, jogging, and limit 
switch cycling can })e used in a-c controllers without change. 

Reversing 

iV)lyi)hase a-c motors an* revers(‘(l by interchanging two statoi 
leads by a pair of reversing contactors. The control circuits for 
low-voltage motors are similar to the revcTsing control circuits for 
d-c motors as shown in Fig. 226. Forward and reverse contactor'^ 
are mechanically interlockecl. It is also lU'cessary to int(‘rlock the 
contactor coils electrically, as shown in Fig. 241, skedeh .4. When 
one of th(’ reversing contactors is closc'd, the coil of tlu' other contactor 
must not be energized be<*ause inrush current, if p(‘rmitted to tlo\\ 
through th(’ coil for an ai)preciable length of time, would overheat 
and destroy the coil. 

When reversing push buttons with back contacts are used, electri¬ 
cal interlocking of th(‘ i)ush buttons is often consi(l(*red suffici(‘nt. 
When j)ush buttons without back contacts or master switches art' 
list'd, the revt'rsing ct)ntactor coils must be interlocked by normally 
closed interlocks on the rt'Vt'rsing contactors. W'hen F is closed, it^ 
interlock intiTi upts the coil circuit of H. Likewise, when R is closed, 
its interlock interrupts the coil circuit of F. The most effective 
protection against short-circuiting the line and against coil burn-out 
is obtained if the n'versing contactors are both mechanically and 
electrically interlocked, regardless of the type of pilot devices used. 

The reversing control circuits for liigh-voltage motors with oil- 
immersed contactors are the same as for low-voltage motors, except 
that the contactor coil circuits are connected to the line through a 
control transformer or to a seiniratc control source. 
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If high-voltage motors arc reversed by air break contactors, elec* 
trical and mechanical interlocking is no definite insurance against 
jK»>sihle slKirt-eireuiting of the line. On high-voltage air break ctm* 
(actors the arc duration is longer than on oil-iniinerse<l contactors and 
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B-HIGH VOLTAGE MOTOR WITH 
AIR BREAK CONTACTORS 

I H. 241. A-(* roxorsinp; control circnifs. T^V Un<lcrvolt jikc rclav. F. Korwuni 

(oiUactor, Kcn cisi' contactor. iPI, 21*1. i*ott‘i»tial interlocking rclayn. 


low-voltage contactors, and the arcs across the stationary and mov- 
ahlc contact tips may not extinguish until after tin* conttictors have 
<lroj)pod out completely. If the reverse contactor should close befon^ 
the arcs on the forward contactor are extinguished, the lino would 
h<* short-circuited. It can be prev(‘nt(‘d by ])otential interlocking, as 
illustrated in sketch B. 

i^)tential transformers arc conn(*ctcd to the load side of the revers- 
iiiT contactors, and j)otentiaI interlocking relays 1 /V and 2P1 are 
onnected to the secondary side of the potential transhirmcrs. I-kich 
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relay has two normally closed contacts which arc connected in the 
coil circuits of the reversing contactors. As long as either reversiinr 
contactor is closed, or as long as any arcs exist across the contacts uf 
either contactor, one or both potential interlocking relays are eru i-- 
gized and their contacts are o])en. After one contactor has dropjxd 
out, the other contactor cannot close until after both IP/ and 2PI 
have dropped out, which means that all arcs have been extinguislnd. 
The contactors seal themselves in through normally open inti‘rlock^ 
which bypass the pot(‘ntial interlocking relay contacts. 

Reduced Voltage Starting 

In C'hip>ter it is explain(‘d how the starting current of sfjuirrel 
cage motors can b(‘ rediiccul by applying reduced voltage to tlu* motor 
stator. 'Idle ni(‘tliods us(‘d to obtain rt‘duc(‘d voltag(‘ an*; 

1. Auto-transformer. 

2. Primary r(‘sistor. 

3. l^riinary reactor. 

Basic control connections for reduced volt.ago starting are illus¬ 
trated in Fig. 242. 

Auto-transforiiKT starter^?, also called starting coinpcmsators, r(‘- 
(piire two contactors, S(‘<‘ sketch .1. Start contactor S has five jHiles. 
It connects the transformer to the line and closes its wye point. TIk* 
motor is connecteui to ta[>s on each leg of the transformer, so that 
the motor terminal voltage is reduced below line voltage. Standard 
auto-transformers an* (‘(juipped with either two taps for 05 pi'r cent 
and SO pta* cent of line voltage, or with three taps for 50 per cent, (>5 
per cent, and SO per cent of line vollagt*. Run contactor R connect-^ 
the motor stator to full-line voltage. Since the connection between 
the motor stator and tin* auto-transformer taps is not broken whik' 
tlie motor is running on full voltage, it i> nec(‘.ssary to brtaik the wye 
point of tlie transformer to prevt*nt high current from circulating 
through part of the transformer winding. 

Th(‘ control s(*(iiu‘nc(‘ is as follows: First, the start contactor closc>. 
After a time* delay, sufficient to ]>erniit acceleration of the motor, tlu* 
start contactor droiis out and the run contactor closes. Variou^ 
arrangements of control circuits are possible, depending on the 
metliod chosen for obtaining the time delay at which the transition 
from the start to the run connection occurs. The control circuit 
shown in sketch A makes use of a motor-driven timing relay, of a 
type illustrated in Fig. 127, which is suitable for long time delays 
required for starting high-inertia loads. Pressing the start j)ush but- 
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t<m energizes timing relay Tit. An interlock, which closes instante- 
nt'Ously, seals in the relay, Start contactor S chwes, its coil t>eing 
energized through normally clo.-sed contact of TR. The relay then 
-lurts timing. After a time interval, for which tlie relay is set, the 
normally closed contact onens and drops out contactor S. At the 
same time the normally o]>en time delay contact of TR closes and 



A-AUTO TRANSFORMER 

1 It;. 242. A-t* rctlncctl ^tiirtinu: control ciicnil-. N. Stint contiictr)!*, ]{. 

Hun contactor, M. Lint' conttutor. ,1. Acccit i :il in'; cont.ictor. 7//. I)»‘l»nitt* 

time rt'lav 

(iu rejizos ronf actor 7? tlirough a nonnally cltwtul interlock on N. Tims 
R closes iiimKMliately after N oinais, and tin' two contitetors do not 
oviTlap. Tills is iiii])or1aiit, as an (.veadappin^^ of R and N would cause 
liiu;}! current to flow’ in the transformer windini's. resulting!: in liij^ii 
mechanical stresses. 

In a primary resistor start(‘r, the dro]) due to tin* inrusli current 
in a resistor in series with tlie motor stator winding obtains r(‘dueed 
starting voltage at the stator terminals. See sketch B, The motor 
i" first eonneeted to tlie line through line eontaetor A/, wdth the 
resistor in series. After a time chday, aeecderating contactor A 
mioses and short-circuits the starting resistor. As primary resistor 
-farters are generally used for small and medium-size motors, a short 
’Hue delay is sufficient. Tlie control circuit of sketch B realiz(*s the 
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following starting sequence. When the start button is pressed, ( ni;- 
tactor M closes and seals itself in. Mechanically coupled to ti • 
contactor shaft is an interlock which, through an escapement giai, 
closes a definite time after the main contacts have closed. (\,n- 
tactor A is energized through this time-closing interlock. 

Primary reactor starters are similar to primary resistor start(‘r-, 
except that a reactor takes the place of the resistor. As reactnr 
starters are being used more and more for large motors, long-tim»‘ 
delay relays are re(juir(‘d to control the (dosing of the acceleratiim 
contactor short-circuiting ihe reactor. 

Pole Changing 

Ck)ntrol of multi-speed squirrel cage motors conijndses a considt'i- 
able number of variants, depending on the design characteristics nt 
tlie motors. Consider first tlie j>owtT eoniu'ctioiis of the stator and 
refer to Fig. (Jb for types of motor windings. Some of the most eoin- 
rnonly us(‘d ]>ower circuits for two-spi'ed motors are indicated in 
Fig. 248. (Connections are V(Ty simpl(‘ wlien the stator windiim 
consists of two sui)erim])os(‘d circuits, shown in sketch A. A pair el 
triple-polo contactors, L for low spec'd and II for high speed, connect 
either stator winding to the line. For motors with consequent pole 
stator windings, one tliree-poU* and one five-])ole contactor must be 
used. With constant horsepow(‘r motors the low-spec^l eontactoi 
has five })ol(‘s and the Ingh-spc'cd eontacdor has three poles as is indi¬ 
cated in sket(di y>*. A\'ith C()n>tant or variabh* tonpie motors, the 
low-speed contactor has tluve p(des and the high-speed contactor 
five j)oles, as shown in sketcdi Stator conru'ctions for motors 
with more than two sj)e(‘ds are combinations of those shown in the 
diagrams of Fig. 0(>. 

As far as control conm'ctions are conciTiied, sev(*ral basic circuit.^ 
exist, their application de}>ending on starting torcpie and current oi 
the motor under consid(‘ration and tlie re(|uirt*ments of the drive 
Several control circuits are given in Fig. 248, and any of the control 
circuits may be used in connection with any of the stat(H* ])ower 
circuits. 

When starting currents of both stator windings are moderate and 
the drive may be started on either high sp(‘(ul or low speed, the simple 
push button circuit of sketch I) can be iisi'd. Pressing the slow oi 
fast push button energiz(‘s contactors L or IIy respectively. When 
the motor runs at low speed and the fast i)ush button is pressed, 
contactor L drops out and contactor II closes, and the motor acceler¬ 
ates to high spcH'd. (\>nv(Tsely, if the motor runs at high speed and 
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tlR. slow push button is pressed, contactor // drops out and contactor 
/, doses, and tlic motor decelerates to its slow speed. 

for some drives the starting torque of the high-siwcd winding is 
too low an<l the motor must be started on the slow-speed winding 




c- CONSTANT OR VARIABLE F-WITH TIMING RELAY 

TORQUE 

i Ki. 243. l’ol(’ (‘IiHnKiiiK contTfil L d (•onfactf>r // lligh- 

€m 1 contactor. ('/<'.(’oiiijm IIiuk h I n . 7//. I)» fini1t‘Innt i«'h\ 

the lii^li-sperd winding can lx* (‘ner^ized. It ran he aeeom- 
plNhed by tlie luse of a eonijH'llin^^ relay as shown in sketch E. Press- 
the slow button close.s coinix'llin^ relay ('R^ which seals itself in 
iiid energizes contactor L, When the la^t button is jiressofl, con¬ 
tactor L is drojiped out, but relay CR stays closed, Contactor // 
energized through an interlock on (’R, When the slow push but- 
ton m then pressed, // is de-energized and L closes again. If, how- 
^' er, the fast pu^^ih button i** oresse<l, witliout the slow button having 
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been pressed first, nothing happens, as H cannot close unless CR 
has been closed first. 

The control circuit just described requires the pressing of two 
push buttons in proper se(iuenec to aeeelerate the motor to its maxi¬ 
mum speed. This inconvenience is avoided by the use of a timing 
relay as illustrated by sketch F, When the slow push button is 
pressed, contactor L closes and the motor starts on the slow-speed 
winding. If the fast push button is pressed, a motor-driven timing 
relay TR is energized, which seals itself in through an instantaneous 
interlock, Contactor L is energized simultaneously through the nor¬ 
mally closed contact of TR. After relay TR has timed out, its 
normally closed contact opens, droi)ping out L. The normally open 
contact of TR clos<‘s, causing H to close. The motor is thus acceler¬ 
ated in time-controlled serimaice to its high speed by pressing one 
push button only. 

Multi-sp(‘ed mot<u-s are r('V(‘rs(‘d by a pair of reversing contactors, 
the ])ovver contacts of which are connected in series with the pole¬ 
changing contactors. Motors may run in (‘itlu'r direction at either 
speed. If the starting current on either or l)oth the high- and low- 
speed windings is too higli, ]>riinary ri'sistance and accelerating con¬ 
tactors an* added to eilluT or both stator circuits. The additional 
control circuits are tlu* same as described for primary resistance 
starting. 

It should be rem(*inb(‘r('d that, when connections are change*d from 
the liigh-spe(*d to the low-speed winding, tlu* motor oj)erates at a 
multiph* of the synchronous sp(‘ed of the low-speed winding. A 
high retarding t<u‘(pie, accompani(*d by a high current ]H*ak, is devel¬ 
oped by the motor as it slows down; Mich tor(]ue and current jieaks 
may be excessivi‘ly liigh f(»r the drive. A primary buffer resistor 
can be insert(*d in the low-sp(*(*d winding, which is short-circuited by 
a contactor in time se(iu(*nee to reduce the retarding current and 
tonpie peaks and make deceleration smoother. 

Acceleration ' 

Scpiirrt*! cage motors, onc(' they are connected to the line, acceler¬ 
ate according to their inherent speed-tonpie characteristics, which 
cannot be controlled l)y extraneou^ mean^. Acceleration of wound 
rotor motors, which are started with external resistance in the rotor 
circuit, can l)e controlled by tlu* manner in which the secondary 
resistance is short-circuited. 

Spi'ed-t(»r(p»e characteristics of waurnd rotor motors are very simi¬ 
lar t<^ those t)f shunt-wound d-e motors as has been (‘xplained in 
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Chai)ter 3. The speed-toniue curves can be ccuisidered as straight 
lines, at least within the t()r(]ue range oonnnonly used for aecelera-' 
tion, which is up to twice normal. The slip or dnjp in speed below 
synchronous at full-load longue, expressed in per unit, is equal to the 
total resistance per leg in the rotor circuit, also expressed in per 
unit. See Fig. 78 fo?* speed-toniue curves with various amounts of 
secondary resistance. Performance of a wound rotor motor during 
acceleration is also n'jna'sented by Fig. 229. In sketch />*, YA ecpials 
the per unit internal rotor resistance per pluise, and A(\ CA', and L(r 
are the per unit resistance ])er jdiase of A'arious steps f)f fJie starting 
i’esistor. The general theory of acceleration giA^en in (^hapter 11 
a[)plies also to wound rotor motors. 

Depending on the criterion used for controlling the (dosing of the 
secondary ac'celerating contactors, the* following method.^ of accederat- 
ing control are available': 

1 . Current Limit control, ('ontactor closing is goveriu'd by current 
limit relays which permit the acc(‘l(Tating contactor of ea(*h step to 
clos(‘ when the motor current lias dropped from a jieak value to a 
preset lower value. 

2. Secotidarij jrcqncj^nj control. As thi' motor a(*c('lerat(‘S from 
standstill to full spcaul, tlu' frecpK'ucy of the rotor circuit drops from 
line fn'fpumcy to a f(‘w cych's. Fr(*(piency responsive relays permit 
accelerating contactors to close as the motor r(‘a(du‘s pr(‘determined 
speeds. 

3. Definite time control. Closing of accc'lerating contactors occurs 
in secpience with definite tinu* int(‘rvals Ix'tween them, the timing 
being adjusttal so as to obtain uniform accederating (Mirn'iit ju'aks. 

In the following jiaragraphs tin* basic conn<‘ctions of starters using 
the above accelerating c(*ntrol methods are descrilx'd. The ele¬ 
mentary diagrams show only such (dreuit dcdaiN as ari‘ necessary to 
illustrate the basic control systems. Actual starters imdude addi¬ 
tional elements, especially protc'ctive devices, whicdi are omitted for 
the sake of simplicity. 

Current limit acceleration us(\s ndays measuring the stator or rotor 
current to control the closing of the accehTating contactors. The 
differences between d-c and a-c current limit starters are due to the 
design of the current limit relays. One form of current limit accelera¬ 
tion controller is shown in Fig. 244. Accelerating relays ^AR and 
2.4/2, which are illustrated in Fig. 128 and whose functions are 
described on page 190, determine the details of the control circuits. 
Each relay has a current coil which is connected to one motor stator 
phase, either directly or through a current transfornuT. The current 
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coil is calibrated so that its j)liuiKer drops out and permits closing 
of the relay contact whem the motor current has dropped to a pre¬ 
determined value, usually b(*twcen 100 jht cent and 125 per cent of 
full-load current. The plunder of the potential coil, when dropped 
out, prevents the relay from closing, regardless of the condition of 



lid. 244. Slaitin^ (onliol (iicuii^ willi curn nt limit iu*c(‘l<'ration Lino con- 
(luMor. 1.4, 2.1, 3.1, 1,1 A< »•( contactors. lAU, 2AH. .\ccclcratin>? relay' 

i'T. ('inrciit transformer. 

the current coil. ^\ luai tlu‘ imtiMitial coil is energized and its jrluni^er 
is picketl up, tlu' nday contact i.s solely under the control of the 
current coil plunder. 

itii the motor de-enerpztal, inrtential and current coils of relays 
lAR and 2 AR are de-(*nergized, and the contacts of both relays are 
open. Pressiniz; the start button causes contactor M to close. The 
inrush current of the motor picks up the current coil pluni^er of both 
relays lA/f and 2AR. Throui^h an interlock on M the potential coil 
of relay lAif is connected in series with the coil of contactor L4. 
Since the impedance of T.4 coil is low and the impedance of \AR 
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potential coil is high, tlie resultant current is insufficient to close lA 
but sufficient to pick up the potential coil plunger of lAR, When 
the motor current drops to the preset value, the current coil plunger 
drops out, relay lAR closes its contact and connects L4 coil directly 
across the control source so that lA closes, l/i seals itself in, and a 
normally closed interlock breaks the connection between coil and 
]AH potential coil so that tlie ))otential coil idunger of 'iAR drops 
t)ut and the relay contact o])ens. 

When closes, an interlock connects the coil of contactor 2d in 
series with tlie potential coil of relay 2AR. The closing of Id, how- 
('ver, lias caused an incnaise in motor current so that the current coil 
of 2AR takes control and keeps 2d/i* contact oj>en. When the cur¬ 
rent drops again to the preset value, 2AR closes its contact. 2d 
closes, sealing itself in and breaking the connection between 2d coil 
and 2AR jiotential coil. At the same time the coil v)." contactor 3d 
is connected in series with potcaitial coil of ri‘lay 'lAR, but the contact 
of that relay stays optai because of the current pc'ak due to 2d clos¬ 
ing As the current drojis, Id/? ])ennits 3d to close. Contactor 4d 
i'' then connected to relay 2d/?, and that relay governs the closing 
of 4d, 

Two accelerating n'lny*^ suffice to control any nuinlx'r of accelerat¬ 
ing contactors. 14i(‘v function alternately, and odd-numbered con¬ 
tactors are controlled by r(‘lay Id/?, wher(‘as even-numberech con¬ 
tactors are controll(‘d by nday 2d/?. One precaution must be ob- 
^erv(*d. It is v('ry essential that the iffi'ctriiail intc'rlocks of the 
accelerating contactors are adjusted so that the normally ojicn con¬ 
tacts close slightly before the normally clos<‘d contacts open, and 
this adjustment must be maintained. A refinement, which is not 
indicated in Fig. 244 but is found on jiractical controllers, is the 
addition of a small h<^)lding coil in series with the accelerating relay 
contacts which insures good contact pnvs.sure and sab'guards against 
possible chattering of the relay contacts. 

AVhilc a wound rotor motor accelerates to full s]H‘ed, its secondary 
voltage drops from standstill voltage* to nearly zero, and its secondary 
frequency drops from line* frccpiency te) nearly zerei, beith veiltage and 
frequencj" being preipeirtional to the slip. Thus, by eh’vising relays 
which respeind to the reitor voltage and freejuency cemditiem, the 
closing of accelerating cemtacteirs can be maelc a function of motor 
^peed, similar to the counter emf method of acceleration used on d-c 
controllers.^ 

In Fig. 245 accelerating relays lA/?, 2A/?, 3A/?, 4AR are con¬ 
nected in the secondary circuit. Eaedi relay coil is connected threiugh 
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a capacitor to a potentiometer resistor, which in turn is connected 
across one leg of the starting resistor. The inductance of each relay 
coil, in combination with the capacitor, forms a resonant circuit so 
that a high current flows within a certain frequency range, the band 
width of the frequency range being determined by the adjustment of 
the resistor. Wiicn the frequency drops below the resonant fro- 



Kj(.. 2ir> SlMitiiiK fimlinl cin nits \Mtb accolcralion liy frrqurn(*y rr'^ponsive re- 
M. Line fonl.nlur. IJ, 2J. 3.1, 1/1. Acrt'hnitmg contactors. 1/1/^, 2AR, 
3 . 1 / 1 *, 1.1 A*. Atcclf'raliiiK icla.V'-. 

quonry rjinf»:(\ (hr n'lny coil currrnt drops as a function of frequonry, 
the actual current l)euij>; adjiustahle hy shifting the potentiometer 
resistor tap. 

WitJi the motor de-energized, the aeeelerating relays are dropjied 
out. When the start button is pres>ed and line contactor M closes, 
line frequency is applied to the accelerating-relay coils, a high cur¬ 
rent flows in the relay coils, and all relays open their contacts imme¬ 
diately. As tlie motor accelerati's the relay coil currents drop, and, 
hy proper adjustment, relays l.l/^ 3.1/?, 4.1/? drop out at pre- 

delmnined secondary frequencies, that is, at pnxJetermined motor 
speeds, causing the accelerating contactors to close in sequence. 
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The objections raised in Chapter 11 against current limit and 
counter emf acceleration control apply to a~c starters also. Both 
current limit and frequency relays depend for their proper perform¬ 
ance on the condition that the motor must start on the first controller 



11(1. 246. Starting ront hjI cirruifs wifli .‘HTclfratioi) l»v dcfimto fimr rflav^’. M. 
I-mo c-onfat-for. \A, 2.4, 3.1, 4.1. AcrflcralinK rontaclons. 1/1/^, 2AIif 3/1//, 4/1// 

AccclcrahiiK roJays. 


^tep. Otherwise the accelerating contactors are prevented from 
closing. Definite time control of acceleration overcomes this disad¬ 
vantage, as accelerating contactors will close' in secjuence until inaxi- 
nium torque is reaclu'd, forcing the mote^r to start on subsequent 
controller steps. 

Mechanical timers are used widely on controllers designed for in¬ 
frequent starting. A multiple contact relay, closing its contacts in 
definite time sequence, may be used to close accelerating contactors 
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in sequence. As an alternative, each contactor, that is, line con¬ 
tactor and acceleratinji; contactors, may be equipped with mechani¬ 
cally operated interlocks, which close their contact a definite time 
after the contactor clos(\s. Thus, each contactor will secjuence-in 
the subseciucnt contactor, with definite time intervals between 
contactors. 

An inherent disadvantage of mechanical timers is their compara¬ 
tively short life, which is only a fraction of the life which can b(‘ 
expected of the contactors. It makes mechanical timers and tinu‘ 
delay interlocks undesirable for controllers designed to start a motor 
fre(|uently. Magnetic time delay drop-out d-c relays, as shown in 
Fig. 108, have found consid(*ra))le apf)lication on a-c controllers, espe¬ 
cially for intermitt(*nt drives, such as cranes, mine hoists, car dumpers, 
steel mill auxiliaiic's, and the like*. A supply of dirert current must 
be })rovid(‘(l for tlie n'lay coils. In Fig. 246 the accehnating relay 
coils are connected to a mc'tallic rectifier, which is connected directly 
to the control lin(‘s, or through a transfornua*, if the control voltage 
is higher than 220 volts. The rectifier can be omitted if a separate* 
d-c control sujiply is available* for operating the* conta-ctors. 

With the motor at standstill, all acc(*lerating re-lays are* energize-d, 
and the'ir contacts are o])e*n. Wiie-n A/ cle)se*s upein pre’ssing the start 
push button, ce>il l.t/f is de-e‘n(‘rgiz(*el through a normally close-d 
interlock on Af. Re-lay \AU dreips out and close's its e-ontact with a 
time ele-lay, causing contactor L4 to close. Coil 2AR is the-n de-- 
(*nergize*d, relay lAR drojis out with a time* de-lay, and causes cein- 
tactor 2A to e-lose-. In a similar manne*r, contactors 3.1 and AA close 
witli time intervals be-twe-e-n them, as governe-d by re*lavs ‘dAR and 
AAR. ‘ . 

Plugging 

Many a-c motew cerntrolle-rs include provision feir j^lugging both 
few quick stopping and few rapiel re-ve-rsing. Plugging cemtrol eif 
sepiirrel cage* nu)tors is very simple. It is iu*cessary eiiily te) reverse 
the state)!' connections, anel ne) further pe)wer switching is reejuired. 
See Fig. 71 few typical ))lugging curves of seiuirrel cage mentors. 
Whether or ne»t a given squirrel cage ine)tew is suitable for jilugging 
service depe'nels e)n the load, c'specially its inertia, and the thermal 
capacity of the* me)tor rotor. The handbooks e)f me)te)r manufacturers 
include data fe)r seU-cting motews fe)r plugging service. To ])lug a 
motor, a pair e)f reversing ce)ntactors is provieled to reverse the state)!' 
connections, as shown in sketch A of Fig. 247. Any reversing con¬ 
troller can be used for plugging the ine)tor manually. See Fig. 241. 
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Suppose the motor runs in the forward direction. Pressing the re¬ 
verse button drops out the forward contactor and closes the reverse 
contactor. The motor is then plugged. When tin- motor has come 
to a standstill, the stop button may be pressed, bringing the motor 
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a plug-stop; or the motor may 1 k‘ perinittc'd to accelerate in the 
leverse direction, and plugging is then UM*d for rapid reversal. 

Automatic plugging to a stop is accomplislied by th(‘ use of a plug¬ 
ging svvitcli such as is illu.‘>^tratcd in Fig. Ibl, which is coui)Ied to the 
motor hliaft. Several automatic ])lugging control circuits are indi- 
f ate<l in Fig. 247. See sketch By which applies to an automatic plug- 
^top control for a non-reversing drive. A\ hen the start button is 
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pressed, contactor F closes, which connects the motor to the line in 
the forward direction and interrupts the coil circuit of contactor J? 
through a normally closed interlock. As the motor starts rotating, 
'the plugging switch closes its forward contact. When the stop button 
is pressed, contactor F is dropped out, and contactor R closes, since 
its coil is energiz(‘d through the plugging switch. The motor stator 
connections are rev(TS(*d, and the motor develops a counter torcjne, 
oj:)p()s<'d to the load tonpH*, which results in rapid retardation. When 
the motor sjxa'd has dropped to nearly zero, the plugging switch 
opens and contactor R is dropped out. 

Sketch r sliows a modified circuit, which permits the motor either 
to coast to a stop or to be plugged to a stop. If the stop button is 
pressed and tluai r(‘leas(‘d again, contactor F drops out and contactor 
R does not clos(‘. The motor simply coasts until it is stopped by 
friction. If the stop button is ]m‘ssed and held depressed, so that 
its normally open contact is closed, contactor F drops out, but con¬ 
tactor R is cl()S(‘d through tlie plugging switch and the motor de- 
v<‘loi)s count(‘ 1 ’ t()r(|ue until it is disconnected from tlie line when the 
plugging switch opens. 

In sketch I) connections are shown for obtaining automatic plug- 
stop on a push-button-operated reversing controller. Pressing th(‘ 
forward button (‘lUTgizes contactor F. Tlie button must be k(’pt 
depressed until th(‘ motor lias start('d, as the holding circuit is closed 
through the forward contact of the plugging switch. Pressing the 
stop button causes contactor F to drop out, and contactor R is ener¬ 
gized through the plugging switch, ('onversely, if the motor had been 
starte(l in the reverse' din'ction, contactor R is sealed in through the 
reverse contact of the jilugging switch. Wh(*n the stoj) button is 
prc’ssc'd, contactor R drojis out and contactor F is enc'rgized through 
the plugging switch. Automatic plug-stop is obtained in both direc¬ 
tions of rotation. 

A similar arrangeanent is indicatc'd in ske'tch F for a master-switch- 
operat(‘d reversing controller. ('ent(*ring tlu' master switch from 
either direction of rotation causes the contactor for opposite rota¬ 
tion to be energized through the idugging switch. 

When wound rotor motors are plugged, it is necessary to insert 
sufficient resistance in the secondary circuit to limit both the motor 
curnait and tonpie to a safe value. Figure 78 shows that enough 
resistance must be provided so that the motor toniue and the motor 
<‘urrent at normal spceil in the negative direction are not higher 
than the toniue at standstill; titherwist* the motor current would be 
excessive. If it is assunu'd that sufficient resistance is iirovided so 
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that the motor speed-torque eurve is a straight line between stand¬ 
still and unity negative sj)eed, the tor<|ue dev(‘loped at the instant of 
plugging in i)er unit is approximately 


2 /*^, + R, 

where Tp = per unit motor torque, 

R, ~ per unit internal rotor resistanee per leg, 

Rs = per unit resistanee per leg in s(‘ri(*s with rotor. 


(t)9) ■ 


F(»rniula 09 is id(*ntioal wdth formula OS, indir'jiting the close r<‘- 
seniblance in jdugging performance betwetai d-c shunt motors and 
a-c wound lotor motors. 

On most apjilications it is desirable to limit the initial ])lugging 
torcjue to nornuil tonjue. The exteinal ^tcoluiary resistor should then 
include a total resistance of approximately two piT unit ohms. 

The plug-stop connections of Fig. 247 can be us(‘(l also for w’ound 
rotor motors, as far as the (‘ontrol of the stator comu'ctions is con¬ 
cerned. The control circuits for tin* .secondary contactors must b(‘ 
arrang(*d so that the secondary contactors cannot close while the 
motor is plugged to a stoj). 

On intcTinitteiit reversing drive's, for instan(*(' bridge' and trolley 
drives of cranes, the operate)!- is given the* choice of coasting, or 
plugging to a quick ste)p, or rewe'rsing rai)ielly by plugging. A plug¬ 
ging switch cannot be useal, ;is it w’oidd pre'vent the elesire'd fl(*xibility, 
and some eitlier relay must be UNcel te) contre)! the st'condary con¬ 
tactors eluring the plugging operation. A contre)! circuit, suitable for 
rever.sing plugging, is showm in Fig. 24S. A five-point niastcT swatch 
st'rves as a j)ilot eh'vice, anel the control circuits include the jire'vi- 
ously discussed elements for re'versing anel elefmite time acceleratiem 
by means of magnetic time eltday dre)])-out el-c relays. There is one', 
adeiitional sece)nelary re'si.stor .se*ctie)n which is short-circuite*d by plug- 
iiing contactor P. The total re'si.stance e)f the secondary re.sistejr is 
itppreixirnately twdee base re*sistance, so that the starting curre*nt with 
all resistance in the roteir circuit is appre)ximately one lialf normal, 
(’ontactejr P is under the control of plugging reday PP, which is a 
current limit type of relay, the same as used for current limit accelera- 
tie)n (see Fig. 244). 

Operation of the control system is as follow-s: Turning the master 
witch in the forward direction to the first pexsitiem closes contactor 
^f the motor drawls approximately one half full-load current, and 
the current coil plunger of relay PR is not picked up. Advancing 
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the master switch to tlie second position energizes the potential coil 
of relay PR, which closes its contact. Contactor P then closes ami 
seals itself in. Turning the niast(T switch to the fifth position close- 



Fkj. 2iS. Kc\cr>inK pliiKKinvi contiol circuil for wound rotor iiuluction motor. 
F, Forward contactor. HcNcr^* contactor, F. contactor. \A, 2*4, 

3i4, 4/1. Accclciatinjj contactors. VV, I’ndcr\olta^jc nday. FU. r(‘lay. 

lAF, 2Ah\ ’SAF, 4AF. Accclt'ratinjr relays. 


the nrcoloratinp: contactors in definite time setpience, as governed 
by the accelerating relays. When the master switch is now turned 
rapidly to the last position reverse, all contactors drop out and con¬ 
tactor R closes. At the instant of plugging, the motor current is 
equal to approximately full-load current. Relay PR is adjusted so 
that the current coil plunger stays up and neither contactor P nor the 
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accelerating contactors can close, and the total secondary resistance 
n'lnains inserted in the rotor circuit. As the motor decelerates, its 
tt)rqiic and current gradually decrease until one half normal is reached 
at standstill. Relay FH is adjusted to close at approximately 0.(i5 of 
normal current. Thus contactor P is ])ermitted to close when the 
motor has been retarded to a slow speed. Tlie accc'lerating con¬ 
tactors then close in dciinite time serpience, and the motor accelerates 
in th(' reverse direction. Corresponding jK'rformance is obtained 
wh(‘n the master switch is moved from any position reverse ti; nvy 
])osition forward. 

Dynamic Braking ‘ - ” 

A-c motors (‘an be n'tard(‘d by disconnt‘cting the stator from the 
line and exciting tlie stator winding from a snitabh* sauce of direct 



I’!<;. 249. I>-c dynamic )>rakinK control circuits for sqnirrcl cage induction motor, 
1/. Line contactor. DB. Dynamic liraking conla<*lor. TB. Definite time relay. 

torrent. A simple control circuit f(»r dyrnirnic braking of squirrel 
‘ age motors to a stop is given in Fig. 249. For normal running, 
contactor M is closed and DB is open. \Vh(‘n the stop button is 
pressed, contactor M is dropped out. If the button is only lightly 
pressed, tlie motor coasts to a stop. If, however, the button is pressed 
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all the way down so that its normally open contact closes, a me¬ 
chanical timing relay TR and dynamic braking contactor DB cIom . 
DB connects a metallic rectifier to the line, and two lines of the motor 
stator arc connected to the d-c side of the rectifier. 

Relay TR has a normally closed interlock, which opens instanta¬ 
neously and makes the start button ineffective so that the line con¬ 
tactor cannot be energized while TR is timing. An instantaneously 
closing, normally open contact on TR seals in the timing relay so that 
the st(ip button may be released. After a definite time delay, which 
permits tlH‘ motor to come to rest, TR opens its time-opening contact. 
This drops out relay TR and contactor DB. D-c excitation is re¬ 
moved, and the motor is ready for a new start. 

0)ntact(»rs M and DB must never be closed at the same time. Thus 
M and DB are electrically and mechanically interlocked against each 
other. 

When d-c dynamic braking is applied to a wound rotor motor, the 
8pe(‘d and tonpK* can be varied by clianging the amount of secondary 
resistance* or, in other words, by opening and closing accelerating con¬ 
tactors. This makes d-c dynamic braking suitable for hoists on 
which the load, when lowered, overhauls the motor. Exciting thi 
motor stator from a constant jiotential d-c source and varying tiie 
secondary resistance j)(*rmit controlling the lowering speed. For 
typical sp(‘(‘d-tor(iue curves which can be obtained with this tyiie of 
control, see Fig. Si. 

Idu' princijial control circuits for dynamic braking of a wound 
rotor motor driving a hoist are indicated in Fig. 250. A master 
switch is used so that tlie operator has manual control of the motor 
speed. To obtain high lowering speeds, a considerably larger amount 
of secondary resistance is recpiired than would be used to obtain a 
starting tonpie desirable f(U' hoisting. Thus five accelerating con¬ 
tactors are provided, whereas only four would be required to start the 
motor hoisting. A source of direct current must be available for the 
stator excitation. Either a rectifier or a small motor generator set 
could be used, the choice being governed primarily by economic con¬ 
siderations. As the i)roper functioning of the control depends upon 
direct current being available, a d-c undervoltage relay DDUV is con¬ 
nected to the d-c source*, and its contact is connected in series with the 
regidar undervoltage relay I V coil, so that the control is inoperative 
unless the* <l-c source is alive. 

Turning tlie master s\^itch in the hoisting direction obtains conven¬ 
tional acceleration ]>erformance. C'ontactor II connects the motor 
stator to the line. C'ontactor l.l closes immediately on the first 
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ina«ter switch position, in order to short-circuit a block of resistance 
which is not required for hoisting. The other accelerating contactors 
close on subsequent master switcli positions, and definite time-ac- 
(•(‘lerating relays jmn’ide time intervals between contactors. The 
coils of the accelerating relays arc connected to the d-c source. 



250. D-c dynainu* brakinK contiol circ uit'^ for wound rolor nidnction nioff)?*. 
//. lloi.st (‘onlnclor. 1)B. J)yn.imi(* })r:ikinK ronOn lor. lA, 2A, 'AA, 4A, 5/1. Ac*- 
fclcraling contactor>«'. 2..!/;^, AAh\ 4AB, 5A/i*. Af cck ratin^ ndays. UV. Uiidcr- 
voltagc relay. JX'VV. J)-c unclcrN oltage relay. 

In the lowering direction, contactor 1)B closes and connects the 
motor stator to the d-c suj)ply. On th(‘ first master swidch position, 
contactors D4, 2-4, 3-1 close, and the motor acceltTates to tlu* lowest 
^pced in the low(‘ring direction. The number of ?iceelerating con¬ 
tactors closed on this j)(»int depends on the desin*d lowering spe<*fl, 
which determines how much resistance should be left in the circuit. 
-«idvancing the master switch causes 3.4, 2/1, 1/1 to drop out in se- 
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qiience, and the motor speed increases. Turning the master switcii 
hack toward the off position causes contactors lAj 2-4, 3A to close 
again, and the accelerating relays govern the time sequence and thu- 
the rate of deceleration. This delay in contactor sequencing is im¬ 
portant, as too rapid closing of the accelerating contactors would cau^(‘ 
th(* motor to ^^go over the hump^’ of the speed-torque curves, which 
might result in a run-away condition. 
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CHAPTER 13 


AMPLIDYNE CONTROL CIRCUITS 

The fundament tils of ainplidyne j)erfonnanee are (*xplained in 
Chapter 2. Because of their high amplification factor and sp(‘edy re¬ 
sponse, amplidynes can l)(‘ used advantageously as legulators in closed 
cycle control systems. The i)ower rei|uired for the ('xcitation of amjdi- 
(lyne fields is so small that impulses of such low energy can be nse<l 
in the control circuits that the drain on the system to be regulat(‘d is 
negligible. Regulating circuits can bt^ devised whic'h not only obtain 
a desired operating (piantity at a (ertain load condition but which 
also maintain such cpiantity over a wide load range. This r('(juiri‘s 
circuits quite different from the control circuits her(*tofor(‘ described. 

In a closed cycle control system a standard is established which 
determines the operating (piantity to be maintained, for instance, 
voltage of a gtmerator or s|)eed of a motor. Against this standard is 
balanced a signal wliich measures th(‘ actual operating (piantity such 
as generator voltage or motor si)eed. A deviation of the actual opia*- 
ating (piantity from the standard initiates a corrective action designed 
to minimize the deviation from the standard. A deviation must (*xist 
to obtain regulating action, or, in other words, deviation from the* 
standard can be minimized but not entirely j)revente(l. 

Most amplidynes in industrial applications are used to excite gen¬ 
erators of adjustable-voltage systems for th(‘ purpose* of obtaining a 
certain desired motor performance. Most cominoidy, tin* j)urj)ose is 
to maintain speed independent of load or to vary spe<‘d as a function 
of some other operating quantity. 

The error of a regulating system is defined as the maximum devia¬ 
tion of the actual performance quantity from the standard, which 
will not initiate regulating action. The smaller the error, tlie smaller 

this deviation. In industrial control systems, errors between ])lus 
or minus 1 per cent and plus or minus 2 ju-r cent are commonly ob¬ 
tained with straight amplidyne circuits, responding to correction sig¬ 
nals of a few watts. Higher accuracies can be realized by using a sec¬ 
ond amplidyne as an amplifier or by introducing an electronic ampli¬ 
fier ahead of the amplidyne. Such systems are able to resiiond to cor- 
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amplidyne control circuits 

r0Ction signals as low as plus or minus 0.5 per cent of the quantity to 
be regulated. 

?f>\\eed oi \s tbe time required to reach a final correction. It 

depends on \be tune constant of the rej^ulating circuit and the com- 
\m\ed time constants of the syst(‘ni. For instance, in an adjustable- 
voltage control system the generator has a time constant which 
determines the rate of change of its flux, and conseciuently of generator 
voltage, after voltage imjjressed on the generator field excitation has 
been changed. likewise, the mechanical time constant of the motor 
and its connected inertia load determine the rate of change in speed 
conse(|uent to a change in motor voltage. Thus the speed of response 
of a system is not determined by the speed of response of the regulat¬ 
ing circuit al()n(‘, but tlie combint'd electrical and mechanical time 
constants of the various comjmnents of the system must be considered. 
The s]K‘ed of rt'Hjionse of the anqilidyne regulating circuit itself de¬ 
pends on the rate of amplification used in tlie system and the circuit 
design. (l(‘iierally speaking, the speed of n*s})onse of conventional 
amplidyne regulating circuits is of the order of 0.20 to 0.30 second. 
Increasing the amplification increases the time of response. The addi¬ 
tion of vacuum tube amplifiers or amplidyne amplifiers increases the 
delay in the regulating circuit very little. 

To illustrate the firactical significance of error and speed of re¬ 
sponse, consider a flying shear in a steel mill. Terror of control of the 
shear motor sjieed determines the uniformity in length of the cut bars. 
Spe(‘d of r(*sponse governs the recovery of motor speed, which droj)^ 
under the impact of the load at each cut of the shear. 

^‘Forcing^’ or initial overexciting of the ami)lidyne is provided as an 
inherent feature of a good regulating system in order to obtain fast 
response at the instant of starting or when major changes in speed 
are required. It is of importance on intermittent drives. At the in¬ 
stant of starting, inaxiinuin deviation exists between the operating 
quantity (that is, speed zero) and the standard. The excitation ap¬ 
plied to the controlled field is a multiple of the excitation required to 
sustain that field, and a fast build-up is obtained. Most applications 
use forcing of three to four times normal field current, although, on 
regulating systems (h*signed for low error, forcing as high as twenty 
times has been used. 

Stabilizing 

Regulating systems are likely to ‘fliunt.’^ When the correction 
signal is received, the system tries to reach the standard as fast as it 
can, and it may overshoot. Then the regulator tries to correct for 
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the overshoot, and as a result it undershoots. As a consequence, the 
regulator may set up around the standard an oscillation of alternate 
overshooting and undershooting. The feed-back signal from the sys¬ 
tem, which is required to minimize the deviation from the standard, 
then supplies the necessary energy to sustain the oscillations, which 
are system wide; the fre(|uency of these oscillations is determined by 
the constants of the system. Such a regulator is unstable. On the 
other hand, the regulator may overshoot and underslioot a few times, 
with decreasing ami)litude of oscillation, until a steady state value is 
reached. Such a regulator is damjuHl. Or the regulator may approach 
the steady state value without any oscillation, in which (‘ase the regu¬ 
lator is critically damped. A regulator which is dam])ed and (toes not 
sustain oscillations is called a stable regulator. 

Wliether or not a n'gulator Imnts d(‘pends not only the r<*gulat(»r 
itself but also on the electrical and mechanical const in is of the whole 
system that is regulati'd. Inductance, capacitance, and rc'sistancc* as 
well as inertia and friction have an eflect. Analytical methods have 
be(‘n proposed to determine whether a giv<*n systc'in will hunt. Such 
calculations are fpiite complicated and cumbersome. Often it is im¬ 
possible to determine accurat<‘ly the sy^t(‘m con>tatits (‘ntt'ring into 
the calculations. For practical purposes, it is rather difficult, if not 
impossible, to calculate rigorously by pur(‘ analysis w'hether or not a 
giv(‘n system w’ill hunt. 

In designing a regulating circuit, jiast ('xperi(‘nc(‘ and calculations 
based on data gathered by tests on installations larg(*ly gov(‘rn the 
engineer’s judgment as to whether hunting is to b(* exp(‘ct(‘d. The best 
method to safeguard against hunting is to provide certain f(‘atures in 
the control system wdiich make it possible, by proper adjustnuuit, to 
“anti-hunt” or stabilize the system, should hunting occur after the 
etjuipment lias been placed in s(*rvic('. 

Generally speaking, the higher the accuracy of th(^ regulator, and 
the faster its sp(’ed of response, the gn'atiT is tin* probability that the 
system will hunt. Any regulator can lx* stabilized by (U si nHittzirig it, 
that is, by impairing its error and speed of response. Desensitizing 
should be avoided if at all possible, as it reduces the quality of the 
regulator. 

Most anti-hunting or stabilizing systems make use of a feed-back 
signal, the magnitude of which is proportional to the rate of change 
of the regulator output, introduced into tlie regulator circuit in such a 
sense as to oppose the change in output. Anti-hunting slows down 
the change in output of the regulator and minimizes the tendency to 
overshoot without affecting the ultimate output (piantity, and with 
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only a slight decrease in the speed with which the steady state ouj)iit 
is reached. 

In an amplidyne, a separate anti-hunt field is provided which op¬ 
poses the action of the control field or fields and derives its excitation 
from the rate of change of the amplidyne output voltage or from the 
rate of change of some other system quantity. Shown in Fig. 251 arc 
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Fii,. 1251. AiiipIiHyno anti-hnut firld circuits. 


some commonly used anti-hunt field connections. Only the anti-hunt 
field is indicated in the sketches, and the control fields are omitted. 

In sketch A the primary winding of an anti-hunt transformer whicli 
resembles the stabilizer of a voltage regulator is connected to the 
output terminals of the amplidyne armature. The anti-hunt field is 
<‘onnect(Ml to the secondary winding of the transformer. As long as 
the outjmt voltage is constant, no voltage is induced in the trans¬ 
former secondary winding, and no current flows through the anti¬ 
hunt field. WluMi the ampli<iyne output voltage changes, a voltage 
is induced in tlie transformer secondary winding which is proportional 
to the rate of change of the output voltage. Consequently, a current 
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flows through the anti-hunt field, the magnitude of which is propor¬ 
tional to the rate of eliange of tiie ainplidyne output voltage. Tlie 
polarity of the anti-hunt field is chosen so that its ain[)ere-turns op- 
posc the ampere-turns of the control field which calls for the change 
in output voltage. Thus the anti-hunt field opposes too rapid a 
change in output voltage. An adjusting resistor permits varying the 
ratio between rate of change of output voltage and ampere-turns ol 
the anti-hunt field. 

In sketch B the anti-hunt field is connected to the output tennu als 
of the amplidyne armature through a capacitor. ^\'ith ctuistant out- 
])ut voltage, no current flows through the capacitor. \\'hen the out- 
jiiit voltage changes, a charging current flows through the eapaeitoi 
and consecpiently through the anti-hunt field, whi(‘h is j)n)f)r)rtional to 
the rate of change (»f output voltage The magnitudi* of tin' eiirriait 
through the anti-hunt field and the time constant ol the anti-hunt 
correction can be varied by the tidjusting resistor. lOlectrolytie (‘a- 
pacitors are used, as a cayiacitance of the ordcT of (iOO to 1200 micro¬ 
farads is recpiired to obtained effective anti-hunting. 

Circuits A and B are often used and their eh*ctrical })erforinance is 
equivalent. A limitation of capacitor circuit B is the fact that {‘hvtro- 
lytic cajiaiutor*^ an* hard to obtain for vollag(‘s above* 300 volt^, 
which precludes their use if the amplidyne output can rise* above* 300 
volts. 

On highly accurate regulating systems, (*ircuits A and B may not ob¬ 
tain the jirojier anti-hunting effect because of the time delay b(‘tween 
a change in amfilidyne output and its effect on the d(‘sir(*d system 
output or because the phase* relation eif the* anti-hunt signal with re¬ 
spect to the system change may not be ceirrect. If this is the* case, an 
additiemal current is intre)due*ed in the anti-hunt fielel circuit which is 
preipeirtiemal to the rate of change of a system output veiltage. An ex¬ 
ample of such a special anti-hunt circuit is shown in sketch (\ The* 
anti-hunt field is connected to the se*condary wineling eif a transformer 
which is connected to the amplidyne (jutimt circuit as in sketch A. 
Connected in series with the anti-hunt field is the secondary winding 
of a second transformer, tiie primary winding of which i.s connected 
to a voltage proportional to a system output quantity. It may be the 
voltage of a d-c generator, the field of which is excited by the amj)li- 
dyne; or it may be the voltage of a tachometer, measuring the speed 
of the motor which is controlled by the amplidyne; or it may be a 
voltage drop proportional to the armature current of a motor. In 
some cases the transformer connected to the amplidyne output has 
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been omitted, thus making the anti-hunt field respond only to the 
rate of change of some system output voltage. 

Direct-Current Generator Voltage Control 

On adjustable-voltage control systems the amplidyne is used to 
supply excitation to the d-c generator field, whereas the motor field 
is usually held at a fixed excitation from a constant potential exciter. 
Motor speed is controlled by controlling the generator voltage througii 
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varying the g(‘nerator field excitation. When ri'Ciuirements of accu¬ 
racy of maintaining motor speed are not too exacting, it suffices to 
regulate the g(’iierator voltage and to allow the natural drop of motor 
speed under load to take jilaee. Thus the control problem consists in 
devising suitable control means for the amplidyne control field which 
governs the generator voltage. 

Refer to Fig. 202 , sketch A. Impressed on the amplidyne control 
field is the difference in voltage betwt^en a constant reference voltage 
(the standanl) and the actual generator voltage. This difference pro¬ 
duces sufficient current through the control field to maintain the gen¬ 
erator voltage. With polarities as indicated, current flows through 
the control field in the direction of the arrow. 

The standard, also called the reference, is taken from a constant 
potential source of direct current. The magnitude of the standard 
can be varied by the adjusting rheostat which permits a portion of 
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DIRECT-CUBRENT GENERATOR VOLTAGE CONTROL 

the constant d-c voltage to be applied to the regulating circuit. A 
voltage signal which is directly proportional to the generator voltage 
is taken off a potentiometer connected across the generator terminals. 
This voltage is fed into the regulating circuit with such a polarity 
that it opposes the reference voltage. Suppose that the generator 
operates at a certain voltage level, corresponding to the setting of the 
adjusting rheostat. If the generator voltage iiu’reases, it overbalances 
the reference voltage, and the current through the control field is re¬ 
duced, which in turn reduces the generator excitation. Likewise, 
when the generator voltage drops, the voltage signal is overbalanced 
})y the reference voltage, the current through the control ^ ('Id is in¬ 
creased, which increases the generator fi(‘ld excitation, d'hus the 
aiu])lidyne regulates the generator voltage and the accuracy is d('|cr- 
iiiined by the differential betwc'cn graieratoi voltage a.id reference 
voltage which is required to inaintain current flow through the control 
field. 

(’ontrol of generator voltage, that is, (‘hange in generator voltage 
level, is c'btained by the adjusting rlu'ostat. Turning the rhe(»stat in 
the direction of the «‘irrow reduces the r(‘f('rence voltage. Current 
through the control field is reduced, and may ev(*n be r(‘versed, until 
the generator voltage has drojijied sufficic'ntly to establish a n(‘w bal¬ 
ance. Likewise', if tlu* rh(*ostat is turned in the opposit(‘ uin'ction, the 
n'ference voltjTge overbalance's the geiu'rator voltage signal, the cur¬ 
rent thnnigh the control field is increased, and the generator voltage 
rises until a new balance point is n'ached. 

Forcing is inherent in this control system. When tlie adjusting rhoo- 
''tat is turned from one voltage M'tting to anotluT, the curriait tlirough 
the control field is incr(‘as('d to several tinu's its normal valiK*, as the 
differential voltage jiroducing the field currc'iit is sc'veial times its 
normal value. It means tiiat the change in ainplidyne voltage be¬ 
comes several times the voltage change recpiind to bring about the 
change in generator field excitation from one level to another level. 
The time rcciuiri'd to effect a generator fu'ld change, corrsjionding to 
the desired generator voltage change, cun thus be reduced effectively. 

It is not always possible to use a constant potential d-c source as a 
reference. There may be reasons why it is undesirable to tie one side 
of an exciter to the generator circuit. In jiractically all plants, an a-c 
suj^ply system is available, the voltage of which is fairly constant. 
Sketcli B indicates liow a rt'ctified a-c voltage can be used as a refer¬ 
ence voltage. To compensate for possible variations in line voltage, 
a constant voltage transformer holds the voltage across the rectifier 
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constant. A capacitor is included to smooth the rectifier output 
voltage. 

One side of the adjusting rlieostat is tied to the generator armature 
circuit and is thus subjected to generator potential to ground. AVhen 
generators with a high terminal voltage are involved, say above 300 
volts, this may b(* objectionable from the point of view of safety. 
The tie between th(‘ gimerator armature and the control circuit can 

be avoided by the use of two 
control fields wJiich buck cacii 
otlier. 

Refer to Fig. 2o3. Tlie refer¬ 
ence field which establishes the 
standard is connected to a 
constant })otential d-c source. 
Fith(‘r a constant })otential ex- 
<*it(‘r or a rc'ctitier and constant 
voltage' transformer can be used 
as a r('f('r('nce source. Tlie cur- 
n'lit and tlu' aini)ere-turns of 
the rc'ference field are a fixed 
(plantity which can be varied 
})y the adjusting rheostat. A 
voltagf' field is connectc'd across 
the geni'rator terminals. Its 
eurr('nt and ainpc're-turns are 
jiroportional to generator volt¬ 
age. Tilt' j)olariti('s an' chosen 
so that the reference field and 
the voltage* field e)ppos(’ oi’ buck eac*b other. Tin* aniplidyne arma¬ 
ture voltage is tiius p?*o|)ortional to the net diirerential bc'twecn ref¬ 
erence voltage and gen(*rator voltage. 

Any dc'parture of generator voltage from the set value causes a 
change in the net excitation of the amplidyne which brings about a 
corrective action by a change in generator field excitation. Tlie 
polarity of the generator is determined l)y the direction of current in 
the reference field. Upon starting, or when changing the adjusting 
rheostat setting, forcing takes phuv automatically, as the differential 
in ampere-turns between reference field and voltage field becomes a 
multiple of its normal value, until the voltage field establishes a 
balance. 

The two-field control .circuits can be modified in such a way that 
the reference fi('ld is hc'ld constant and the adjusting rheostat is con- 
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nccted in series with tlie voltaj^e field. The adjnstin^ij eireuit is then 
ctmneeted to the generator armature eireuit, uhieh makes sueh a eir¬ 
euit undesirable for higli-voltage generators. 

Current Control 

Control of armature eurrent reejuiretl wIk'ii adjustable-speed 
shunt motors are usc’d to <lri\e windina or unwinding ret‘ls. While 
the diameter ol the r(‘(‘l (•hanu‘‘>, it neee'^smy to adjust tlie motor 
field exeitation so a^ to ket'p arinatuie cm rent constant, which in 
turn means tliat th(' tcaisitai on 
the material being ri‘t‘led kept 
constant. Tn this ease, the am- 
jilidyne is used as a current 
i(*gulator. 

Showm in Fig. 2r)t is a ^nn- 
])le amiilidyne eurremt n'gula- 
tor for a sliunt motor, opt‘rat- 
imr from a constant or adjust¬ 
able d-e voltage souna*. ''riu* 
am]didyne armature is con¬ 
nected in senes witli the motor 
shunt field. T!u' am]dalyTu 
has two control fi(‘lds The ref- 
erenc(‘ field is connected to a 
constant iiotcaitial d-o source 
and jirovides a fi\(‘d amount 
of ampere-turns. The curnait 
field is connected across a n'sjstor in seri(*s with tlu' motor armatur(‘. 
The voltage drop across that re-'i^-tor i" a inea'-un' of th(‘ motor ar¬ 
mature current. Thus tin* amper(*-turns supplied by the current field 
are proportional to the motor armatun* cuin'iit 

Tlie n(‘t excitation of the ainplidyne, w’hich governs ilirection and 
magnitude of the ainplidyne voltage, is the* difT(*rence in ampere-turns 
between the current and the reference field, \\dth only the refenmee 
field excited, the direction of the amjilidyne vollage is such as to 
oppose the voltage across the motor field circuit, tlnis calling for 
maximum WTakening of the motor field. At the b(‘ginning of the 
winding cycle, motor speed is high. As temsion is jiicked up, the 
motor current incr(‘ases, increasing the voltage drop across the r(*- 
sistor in series with the motor armature. When this dnip (‘xceeds the 
voltage against wdiich it is balanced by the adjusting rla'ostat, cur¬ 
rent begins to flow^ through the current field, wdiich opposes the refer- 
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rare field. As the motor armature ourrent inereases, the amplidyno 
voltage decreases, and may even reverse, strengthening the motor 
sinint field and reducing the motor speed. Likewise, when the motor 
armature current rlrops below the set value, the effect of the current 
fielil is reduced, the motor field is weakened, and the motor speed is 
increased. 


Current Limit Control 

During? acceleration and d(‘celeration of a drive between speed 
Iev^<•I^, it is important that the niottir and ftonerator armature current 
shall not exceed (lie coinmiitatin^j: limit of the machines. Current 

limit control of an adjustable- 
voltage system pr(*vents the 
current in the loop circuit be¬ 
tween generator and motor from 
rising beyond a predetermine<l 
value. As compared with cur- 
r(‘nt control, current limit con¬ 
trol takes effect only when tlu* 
current tends to exceed tlie 
limit value, whereas the control 
is ino])erative as long as the 
current stays below the limit 
value. 

Current limit control is used 
in conjunction with generator 
voltage or speed control. If 
during acceleration the loop 
circuit current exceeds the set 
limit, the generator field is 
weak(*ned to ]^revent too rapid 
a rise in generator voltage. On 
the other hand, if the loo]i 
circuit current exceeds the set 
limit during deceleration, the generator field is strengthened to pre¬ 
vent too rapid a decay of generator voltage. Either a separate cur¬ 
rent limit control field may be used, or current limit control may be 
superimposed on the voltage or speed control field. 

Shown in Fig. 255 is a current limit control circuit, using a separate 
current limit field. The commutating fields of the generator and the 
motor are connected in series, and the voltage drop across the com¬ 
mutating fields is used as a measure of the loop circuit current. If the 
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(‘ommutating field resistance is too low to obtain a sufficiently high 
drop, a loading resistor may be added in the loop circuit. A reference 
voltage is obtained from eitlier a constant voltage d-c source or from 
an a-c source through a constant voltage transformer and rectifier. 
The reference voltage is loaded int(» the adjusting resistor. The mid¬ 
point A of this resistor is connected to the generator armature. Ad¬ 
justable taps B and on either side of the mid-tap are connected 
tlirough blocking rectifiers to one side of tlu‘ current limit field. The 
other side of tliis field is connected to the motor armature. 

Suppose that during acceleration the polarity of the loop circuit 
is such as is indicated by the solid plus and minus ^igns. As long as 
the drop across the commutating fields is less than tie' drop between 
A and B on the adjusting resistor, no current flows through the current 
limit field. As scion as the loop cinuit current rises to such a value* 
that the voltage droji across the commutaiing fields iU‘i‘omes greater 
than the drop between jioints A and B, current flows through the cur¬ 
rent field in the* direction of the solid arrow. The jxilarity of that 
field is such as to oppose the rise in ainjilidyiu’ armature voltage, 
thus dedaying the build-up in generator fi(‘ld (‘xentation. 

During decc'leration, the direction of the loo]) circuit (‘urri'nt r('- 
verses and the jiolarity of the loop circuit is as indicat(*d by the broken 
plus and minus signs. AVhen the voltage dro]) across the* commutating 
fi('lds exceeds the drop betweem jxiints (' and -1, current flows through 
the current limit field in the din'ction of tlie brokcai arrow. The ef¬ 
fect is to oiijiose the reduction in amplidyne armatuni voltage and 
thus the d(*cay in generator field excitation. Hy shifting ta])s B and T 
on the adjusting rheostat, a difll'erent current limit setting can be ob¬ 
tained for acceleration and deceleration. 

Figure 256 illustrates a method of su])erim]>osing curnmt limit con¬ 
trol on a voltage control ficdd. A constant voltage d-c sourc<‘ is u.s(‘d 
as a reference. Voltage control is obtained by matching a n'ferencc* 
voltage between the adjustable ta[) of the voltage-adjusting rheostat 
and point A against the drop across i)art of the voltage resistor, into 
which the generator v()ltag(* is loaded. The current through the con¬ 
trol field is determined by the net difference between refercaice voltage 
and generator voltage. For polarity as indicated by solid plus and 
minus signs, current flows through the control fi(‘ld in the direction of 
the solid arrow. 

Current limit control is obtained by superimposing on the control 
field the net diffenaice Ixdween the drop across the geniTator and 
motor commutating fields and the reference drop acro.^s th(* current- 
limiting resistor. The control field current, due to the ctirrent limit 
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component, is indicated by broken arrows. During acceleration, 
polarity across the commutating fields is as indicated by solid signs, 
and the drop l)(‘tw(‘en A and B governs. Current limit control op¬ 
poses the effect of voltage control and oj)poses the build-up of ampli- 
dyne armature voltage. During (h'celeration, the i)olarity across the 
commutating fiehls is as indicated by broken signs. The drop between 



Flu. 25G. Current limit, eontiol cinujl Mip<*niii|H)^('d un p iienitor Noltuge con- 

tiol lirld. 

points C and A governs tlu' current limit, and (he current limit com¬ 
ponent of current through (he control held adds to the current due to 
voltage control. Thus the aniplidyne net ('xcitatioii is strengthened 
and the decay of generator armature voltage is oi)j)oscd. 

Reversing Plugging Control 

In a eomplete eontroller, several eontrol elements, as described in 
the preceding i)aragraphs, are eonihined into a eomplete system. As 
an exam})h', the essential elements of a reversing plugging controller 
are indicated in Fig. ‘Jo?. The ainiilidyne, wliieh excites the field of 
the generator, is eiiuipped with four eontrol fields, the net ampere- 
turns of which determine the total excitation and thus the terminal 
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voltage of the amplidyne. I( is assumed that tlie luotor field is exeited 
from a eonstiiut voltagt' source. A master switch, which controls 
contactors F and U, is used to select direction of motor rotation. Posi¬ 
tive polarity of the generator i.s marked for Ixith <lirections of rotation. 



Fi(i. 257. flying jtlugging control tirc\nts. F. Foiwanl cuni;u'1(ir. //. K< 

Vfi-w coutactor. 

Direction of current flow tlirougli the* control n(‘l(ls is indicated by 
solid arnjws for forward trav(‘l, and by brok(‘n arrows for revtTse 
travel. 

The reference field is connected to a constant voltage d-c source 
through reversing contactors F and Ji, Tlie inagnit\ide of the refer¬ 
ence field current estal)lishes the standard for the generator voltage. 
The direction of the field current delerinines the polarity of the ainpli- 
dyne and consefiuently the polarity of the g(*nerator. The motor is 
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reversed by reversing the reference field. With the master switch in 
the position, the r(*ferenc(‘ field is connected to the amplidyne 

armature through normally closed contacts on contactors F and R with 
siioh a polarity as to opj)ose the excitation which is jiroducing the 
amplidyne output voltage*. This connection establishes a neutralizing 
or “suiciding^’ circuit to reduce the resielual magnetism in the reference 
fiehl to zero, which in turn reduces the amplidyne terminal voltage 
to zero when the drive* is stopped. The generator voltage is regulated 
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Fkj. 258. KnNC'lopr of pvrform.UK r of a nvcrNin^ control sy‘<toin, 

by the voltage fu‘Id, which is connecteul to the* generator armature in 
such a direction as to buck tlie reference fu*ld. To obtain correct flow 
of current through the voltage field during plugging, conta(*ts on F 
and R as well as blocking rectifiers are connecte<I in series with the 
field. 

The current limit field is connected >o that its current is tletermined 
by the net difTerence between the voltage drop across the generator 
and motor commutating fields and a constant reference voltage drop. 
During acceleration, as w(*ll as during plugging, the current limit fit‘ld 
jirevents excessive build-up of generator armature current, and thus 
limits the motor torcjiie. In Fig. 258 the volt-ampere characteristic 
of the generator, which corresponds to the speed-tonpie characteristic 
of the motor, is shown. The curve applies to a certain setting of 
voltage and current limit control. It is representative of the kind 
of characteristic that can be obtained with amplidyne control. 
Changes in details of the control circuits may vary the shape of the 
curve somewhat, especially the slope of the current limit cut-off. 
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Varying the amount of resistance in series with the reference or con¬ 
trol field changes the horizontal portions of the curve. The curve as 
shown represents a houndary condition, and inside^ the loop any speed- 
torque point can be realize<l by proper a<ljustnient of the voltage 
control. 

An anti-hunt field stabilizes tlie ainplidyne. Transformer stabiliz¬ 
ing is sliown as an (‘xainple, but either capacitor or special anti-hunt 
c(mnections could be used. 

The circuit of Fig. 257 is indicative of the manner in which various 
circuit elements are combined into an integrated control system. 
Many combinations are j)ossibl(* and ])racticai. Conversely, any 
complicated control system can be broken (h»\vn into a scM'ies of simple 
circuits, superimpos(‘d on each otluT to obtain tlie d(‘sin‘d control 
(‘fleet, and each field respomling to a d(‘finite signal or combination of 
signals obtained from the system. 

Speed Control 

In th(* preceding paragraphs control connections are d(‘scribed by 
which electrical (luantities, such as generator voltage or curremt, are 
regulated. CVrtain applications re(|uire that motor speed ithelf be 
regulated in order to conij)ensate for the natural drop in motor speed 
with incH'ase in load. It re(iuir(*s that a signal be f(‘d into th(‘ regu¬ 
lating circuit which is a direct function of motor speed. ('ustomarily, 
a tachometer geiu'rator is coupled to the motor. This tachometer pro¬ 
duces a d-c voltage projiortional to speed. 

A simple spei'd control circuit is shown in Fig. 25fi. The output 
voltage of the tachometer is loaded into a resistor, and a j)ortion of 
the voltage drop across that resistor is used as the speed signal. The 
reference is obtained from a constant pot(‘ntial d-c source. A jxirtion 
of the d-c voltage is used as the standard against which the s[)eed 
signal is balanced. The current through the anqilidyne control field 
is proportional to the net difference between tlie refer(‘nce voltage 
and the tachometer voltage. Dir(‘ction of the control field current is 
indicated by the arrow. The speed of the motor is s(*t by the adjiL*^!- 
ing rheostat, by means of which the magnitude of the reference volt¬ 
age is varied. 

Speed control may be sui)erimposed on a conventional generator 
voltage control circuit to obtain increased accuracy. The voltage 
control is adjusted so that, by itself, it w^ould produce a higher arnpli- 
dyne voltage than is required for the desired motor spei‘d. The sepa¬ 
rate speed control field then reduces the net excitation of the am])li- 
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dyne so as to maintain the generator voltage at the required values to 
obtain constant motor speed. 

Some applications require that a definite speed relationship be 
maintained between two motors in a process line. Each of the two 
motors is then equipped with a tachometer generator, and the differ¬ 
ence in voltage between the two tachometers is used as a signal. One 
motor is the master, whose speed is controlled by the operator. The 
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second motor is the follower, and its amjdidyne is provided with a 
speed control field, which responds to the difference in tachometer 
voltages and thus corrects for any deviation in the speed of the fol¬ 
lower motor from the speed of the master motor. 

The error obtainable with a speed-regulating system depends on 
the error of the tachometer and on the minimum deviation of ta¬ 
chometer voltage to which the regulator responds. The error can be re¬ 
duced by using an electronic amplifier to magnify the speed signal 
which is fed into the amplidyne control field circuit. 

Positioning Control 

Amplidynes can be used to maintain a mechanical part in a definite 
position as a function of one or more quantities which can be trans- 
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iatcd into electrical signals. The amplidyne is then used as an ad¬ 
justable-voltage generator feeding the armature of a shunt motor, the 
field of which is excited from a constant voltage source. The posi¬ 
tioning signal may he obtained fronj a variable voltage souree, such as 
a selsyn, wdiich is turned by hand. This method is used to control 
amplidynes forming part of a bcrvo-mechanism. (^r the positioning 
signal may be obtained from some electrical quantity of the system. 
A typical example is the arc furnace electrode regulator, the essential 
control circuits of which are show n in Fig. 260.'^ 



Fig. 260. Positioning control circuits foi iirc furnace ('lectrodcs. 

An arc furnace contains three electnxles, one for each phase, from 
which current passes into the charge through an arc. The object of 
the control is to maintain each electrode automatically in such a posi¬ 
tion as to obtain constant pow^r flow through (‘ach electrode. Con¬ 
stant powTr is maintained by maintaining constant arc current with 
relation to the arc voltage. The height of each electrode over the 
charge is varied individually by a motor-driven hoist. In Fig. 260 
the control circuits for one electrode are indicated. The circuits for 
the other twm electrodes are duplicates. 

The arc current is measured by a current transformer. The voltage 
appearing across the current transformer secondary winding, which is 
proportional to arc current, is applied to the primary winding of a 
step-up transformer. The output voltage of this transformer is im¬ 
pressed on rectifier .4, and the resultant d-c voltage is loaded into a 
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resistor. The voltage drop VI across that resistor is proportional iu 
the arc current and provides the signal for the amplidyne. 

The arc voltage, ai)pearing between the electrode and the neutral 
point of the furnace, is used as a reference. The arc voltage is recti¬ 
fied by rectifier Bj and the d-c voltage which is proportional to arc 
voltage is loaded into the adjusting rheostat. This rheostat is con¬ 
nected as a potentiometer, and across a portion of it appears a volt¬ 
age r2 whicli is proi)ortional to arc voltage and opposes voltage T"l. 

The control field of the amplidyne generator is so connected that 
its field current is proportional to the net difference between voltages 
IT and r2. As long as IT and T"2 are of ecpial magnitude, no current 
flows through the am])lidyne field and the amplidyne output voltage 
is zero. The electrode motor is at standstill, and the electrode is at 
rest. If the electrode current changes and the balance between 
voltages IT and 1'2 is disturbefl, current flows through the control field 
and the amplidyne generates an output voltage, the polarity of which 
dc'pends on whether IT becomes larger or smaller than T"2. This un¬ 
balance betwec'u IT and r2 causes tlie electrode motor to turn in a 
direction to raise or to lower the electrode, until a balance is estab¬ 
lished again. As th(‘ speed (jf the motor is proportional to the differ¬ 
ence between IT and V2, the electrode is moved smoothly, and with¬ 
out overshoot, into a new j)osition at which the current is equal to the 
set value. 

The same j)rincii>le is used in photoelectric register controls. Two 
l)hotoelectric relays scan the edges of a moving strip of material, 
and the output currents of the phototubes are used for a signal. As 
long as the strip is in register, the photoelectric tubes receive equal 
amounts of light, and the amplidyne generator field carries no current. 
As soon as the strip gets out of register, one phototube receives more 
light than the other, and the difference in phototube currents causes 
current to flow through the amplidyne field, wdiich in turn causes a 
correction motor to move the strij) back into the n'gister position. 
Because of the low amount of energy available from the phototubes, 
it is necessary to interpose an electronic amplifier lietween the photo¬ 
tube circuit and the amplidyne field circuit. 

Alternator Voltage Control 

Certain industrial jirocesses use alternating current, obtained from 
an alternator, th(‘ voltage of winch must be closely regulated to in¬ 
sure uniform quality to the product. An example are alternators for 
high-frecpiency induction heating. The essential circuits of an alter¬ 
nator voltage control system are shown in Fig. 261. 
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Tho alternator field is excited by an anipli<lyne p;enerator which is 
stabilized by a conventional anti-hunt fi<‘ld, connect(*d to the ainpli- 
dyne armpiture tlirouf>h a capacitor. A volta^ije field determines the 
excitation of the anij)lidyne which maintains tlK‘ desired alternator 
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voltage. The voltage field current is proportional to the net differ¬ 
ence between a reference voltage and a voltage signal. The reference 
voltage is obtained from a constant voltage d-c source. In the circuit 
shown, reference voltage is obtained from an available a-c source 
through a constant voltage transformer. The reference voltage is 
rectified by rectifier B and loaded into a potentiometer which serves 
as an adjusting rheostat. A portion of the reference voltage is im¬ 
pressed on the voltage field. 
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The voltage signal is obtained from the alternator armature through 
a potential transformer. The voltage signal is rectified through recti¬ 
fier A and loaded into a resistor. A portion of the drop across the 
resistor is applied to the voltage field. Polarity is such that the 
voltage signal, which is proportional to alternator voltage, opposes 
the reference voltage. When the reference voltage is applied to the 
voltage field, the alternator voltage rises to such a value that the* net 
(‘xcitation of the aniplidync maintains the alternator voltage. A rise 
in alternator voltage results in a reduction in amplidyne voltage, and 
a drop ill alternator voltage results in a rise in amplidyne voltage. 
The level of alternator voltage which is to be maintained is varied by 
the adjusting rheostat, which changes the magnitude of the reference 
voltage impressed on the voltage field. 

To maintain voltage across the load and compensate for line drop, 
a current comp(‘nsating field is used which corrects the alternator 
voltage. A current transformer is connected in the line between the 
alternator and the load. The secondary voltage of this transformer 
is proportional to line current. The secondary voltage is rectified, 
loaded into a resistor, and applied to the current comiiensating field 
of the am{)lidyne. Polarity is such that with increasing current, the 
compensating field boosts the amplidyne voltage and raises the alier- 
nator voltage somewhat above the voltage called for by the adjust¬ 
ing rheostat, thus maintaining constant voltage across the load. 
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PROTECTION 

Althoup:h the principal ptirposc of a controller is to obtain hpecific 
jierformance, such as starting, regulation of speed, deceleration, and 
the like, it is neces.sary t(» include provisions to ]u*otect both the 
operator and the equii)nient aj^ainst damage by normal or abnormal 
operatint]; conditions. The jmitective U'aturos wiiich should be in¬ 
cluded in control (‘quipment can be (da'^sified as follows: 

1. Protection of operators against slmek by propc'r insulation and 
spacing; of live parts. 

2. Protection of oi)erators aj^ainst false starts or imulverteni motor 
reversal, or excessive mot<*r sptu'd. 

3. Protection of motors against sustained overloads. 

4. Protection of motors and driven machinery against sudden 
overloads. 

5. Protection of control equipment against short circuits. 

Because of the importance of safety, it has been deem(*d jiroper to 
di'vote a whole chapter to a discussion of tlie selection of proper pro- 
t('ctive features in the design and construction of control equipment. 
It should be kept in mind tliat protection of distribution lines and 
generating equiimicnt is outside the province of control and belongs to 
the scope of switchgear. Only such phenomena as occur between the 
line terminals of the controller and the motor terminals are of interest 
to the control designer. 

Minimum Spacing ^ 

To provide iirojier insulation between current-carrying parts and 
between current-carrying parts and ground is a rc'quinanent which is 
necessitated not only by engineering considerations l)ut also by safety 
rules. It must b(‘ assumeil that an operator may toueli any part not 
carrying current, and he must be safeguarded against the possibility 
of receiving a shock. To prescribe only a high-potential test at the 
factory would not assure safety in service. At the in.^^tallation, dust 
and dirt will aeeumulate on insulating surfaces and reduce the volt¬ 
age which the insulation can stand. 
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Tlic Underwriters^ Laboratories, Inc., liave established minimum 
spacings wdiioh must be met by general-purpose control devices as 
used in industry. These spacings, which arc given in Table 17, have 

TABLE 17 


Minimum Sim^ inus as Hi*KriFiKi> by Undurwriters’ Laboratories 




51 to 150 
Volts 

151 to 300 
Volts 

301 to 000 
Volts 

Jif‘twec*n any uninsulatod live part 
and an uninsulated liv<* part of 
opposite polarity, unirisulate<l 

Through 
air or oil 

3« inch * 

34 inch 

inch 

grounded part other than tin* 
eneloHiire, orexpos<*d nx'tal part. 

()v(‘r .sur- 
fac<‘ 

34 inch 

•hs inch 

3 2 inch 

Betw’een any uninHulat<*d live part 
and th<* walls of a ni<*tal enclo¬ 
sure, including fittings for con¬ 
duit or annor(‘d cabU*.* 

Shortest 

distance 

3 2 inch 

3 2 inch 

3 2 inch 


* Thf sparing In'twrc’ii wiring trnninals of opposite* polarity shall not lx* less than 
34 i*R’h in any riuse* if the* t<*rniirials an* in Iht* .saiia* plane*. A in(‘tal ])i(‘ro attaehrel 
to the rnclosim* shall lx* <*onM(l<*n*(l to lx* a part of the (‘nrlosun* for the* purpose* of 
this paragraph, if doforiuation of the rnrlosun* is likely to reduce spaemgs between 
the metal pieci* and live jiart.s. 

been established through years of experience. They are graded ac¬ 
cording to voltage levels, and they give reasonable assurance against 
shock to operators. 

As an additional safety feature, non-eurrent-carrying metal parts 
of manually operated pilot devices, enclosures, frameworks, etc., 
should be grounded. 

Undervoltage and Phase Reversal Protection 

It is extremely important to prevent inadvertent starting of any 
motor which is under (he control of an operator. Once a motor has 
been stopped, either by action of the operator or by action of a pro¬ 
tective device or by loss of voltage, the motor must not start auto¬ 
matically, but the operator must actuate a pilot device to restart the 
motor. Therefore, any manually operated magnetic control equip¬ 
ment should include undervoltage iiroteetion. In Chapters 11 and 
12, it is pointed out that controllers with momentary push buttons 
provide undervoltage jiroteetioii inherently. Master-switeh-operated 
controllers should include an undervoltage relay which forces the 
operator to return the master switch to the off position for resetting 
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tho iindervoltapio relay. The eontaets of ]>ri>tcetive deviees are con¬ 
nected ill series witli the undervoltajje relay eoil, eausin^ the motor 
to stop vvlien any ])rot(‘etive device opens and trips the iindervoltaRO 
relay. 

Undcrvoltage i)rotection is not recpiinMl when motors are under 
automatic control of maintained contact i)ilot devices, such as float 
switches, pressure switches, tlu‘rm<istats, or similar di'vices, which re- 
sp'.)nd to conditions in tlu' jdant to he controlled. Such plants are not 
attended by operators, and an automatic start after loss of e(»ntrol 
voltage falls in the saiiu* category as a n'gular automatic start, as far 
as safety to personnel is conctamed. 

To what extent saf(‘ty interlocking should l)e included in compli- 
cat(‘d control e(juij)inents involving se(]uencing of e multij)licity of 
motors depends largely on the cliaract(*r <»f th(‘ driv<' arid tlu* hazards 
which a false start would entail. It is niressary, howc‘ver, to scruti¬ 
nize the design of a controller caretully and to di‘t(‘rinine to what ex¬ 
tent a failure of saftdy interlocking may (‘udangi'r the operator. 
Control devic(‘s, like tiny piect* of inachiiuTy, may fail to j)erform 
their functions pro])erly, tin* most common cjiuses of ftilse operation 
b(‘ing coil failure and fr(‘<‘zing of contacts of magnetic d(‘vic(»s. Idttle 
can be doni* in the di'sign of control circuits to safeguard against con¬ 
tacts sticking closi'd. Any control system should include manually 
operated switclu's with which j)ower circuits can b(‘ interrupt(‘d and 
motors stoi)])ed in an emergency, should line conta(*tors fail to op(*n 
tlie power circuit. Failure of contactor or ri‘lay coils can be guarded 
against by arranging the circuits so that any coil failure will cause 
stopping rathiT than starting of a motor. Such circuits are called 
“fail safe” circuits. 

Reversal of tlie j)hase secjuence of a polyphase system is equiva¬ 
lent to reversing a motor, and rotation of the* motor would be oi)posite 
to the desire*d rotation. If inadvertent r(‘versal of a machine may 
cause danger to life and limb of operating ])(‘rsonnel, a reverse phase 
relay of a type as shown in Figs. 129 and 1.30 must be jirovided to pre¬ 
vent the motor from running when the* j)hase secpience is incorrect, 
^lachinery uschI for transj)orting i)ersons, for instance elevators, must 
be protected with pha.se reversal re*lays. 

Loss of Field Protection 

When the field circuit of a d-c shunt motor is interrupted, the re¬ 
maining residual flux permits the motor to devele^p a small fraction 
of its full-load torque, but its speed may rise to a dangerou.sly high 
value. If the drive is of such a nature that the motor can never be 
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unloaded, no protection ap;ainst loss of field is necessary, since the 
motor toniue would be too small and the drive would stall. However, 
if the motor may be unloaded or even overhauled—for instance when 
the motor drives a lioist or a motor generator set—it is very impor¬ 
tant to include a loss of fi(*ld or field failure relay. A current relay 
is us(*d, the coil of which is connected in series wdth the shunt field 
winding and the contact of which is wir(‘d in series with the under- 
voltage relay coil. 

Overload Protection 

An overload on a motor can he ilcfined as an o])erating condition, 
not necessarily a short circuit, which causes a current in excess of 
normal current to liow in the motor power circuit. Thus overload 
protection is defined as the prot(‘etion of the motor, the control 
afiparatus, and tlie branch circuit conductors against excessive heat¬ 
ing due to motor overload. It can he further defined as the i‘ff(‘(‘t 
of a device, responsive to current, to cause interruption of current 
flow to th(‘ motor opt'rating under an overload. 

The damaging (‘fleet which an overload may have on the eonneeted 
apparatus is due to the eweessive temix'rature w’hich the increased 
current flow eausi's the apparatus to attain. This rise in tiuuperature 
introduc(‘s two more (iuantiti(‘s, in addition to the magnitude of cur¬ 
rent, wliich must b(‘ eonsidt'rcd in designing and applying })roteetiv(‘ 
devices, namely, the time during which the overload exists and the 
ambient temperature. In an extreme ease, the temperature may rise 
so high us to cause melting of eouduetors, and thus cause permanent 
damage to tlie motor, tin* control ai)paratus, or the circuit conductors. 
But even if tlie ternpiTature doc'S not rise so high as that, any increase 
in temperature above ratinl temperature rise reduces the life of the 
insulation and results in shorteiu'd lif(‘ of the motor. 

The most commonly encountered causes of overload on a motor are: 

1. Sustained overload eau^ivl by abnormal meclianical load or by 
low^ line voltage. 

2. Too rapid duty cych^s on intermittent driven, such as too fre- 
(pient starting and stopping, which caus(‘ the rms value of current 
to exeei'd the rated motor current. 

3. Excessive mechanical load, wdiich caust^s the motor to stall or 
fail to start, thus drawing starting current for a considerable 
period of time. 

4. Single phasing of iiolyphase motors, preventing the motor from 
starting or causing I'xcessive euriH'ut to flow' while the motor 


runs. 
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5. High ambient temperature, which causes the motor to attain 
liigher than rateJ temperature even tliough the load current 
stays within the motor rating. 

To afford full j)rotection to a motor, the tripjung characteristic 
of tlie overload j)rotectiv(‘ device sliould match the motor heating 
characteri^lic. To ol)taiu the highest degree of service from the 
motor, tli(‘ overload relay should permit the motor to cany an over¬ 
load for as long a time as is 
lU'cessary for the motor to reach 
its maximum ])ermi'<sil)l(‘ tein- 
jHM’ature, hut it should discon- 
iK'ct the motor as soon as that 
tem})eratur(‘ is reacluMl. Any 
overload i)rotectiv(‘ device should 
thus have an inverse' time trij)- 
ping curve, which should bil¬ 
low the motor-h(‘ating curve 
closely as p<)ssii)l('. Tufortu- 
nately, heating curves for el<*c- 
trie motors are* not standardized, 
and considerabli' differt'rK'e"- may 
('xist Ix'tween motors of the same 
horsej)ower rating hut of dif¬ 
ferent manufaeture. A ty]>ical 
heating curve for an induction motor is i»lotte‘d in Fig. 2()2. The' time 
in seconds necessary for the' motor to reach maximum jx-rmissible 
temperature is plott(‘d versus current in peu’ unit. 

Because of the variations in motor lu'aling curves, any design of 
commercial overload n’laysmust lu'cessarily Ix' a compromise*, and the 
trij)ping characteristics of such n'lays must he s(‘l(‘et(*d so as to protect 
a majority of comnu'rcial motors. Fmisual service conditions lu'ces- 
sitate a sjtecial check of motor heating vctsus relay tripping charactcT- 
istic. Esi)ecially if stalled motor protection is dc'sired, great care 
must he exerciseel in selecting overload n'lays, since a relay which pro¬ 
tects tlu* motor perfectly satisfactorily at moeicratc overloads may still 
be too sluggish to prof('ct the motor under a stalled condition. 

Overload Relays—General 

Before describing the variotis tyi)es of overload relays available for 
motor protection, some points will be discussed which apply generally 
to any type of protective relay. 



2()2, 'r\'pi( iil Iw afitip: cnr\(* of un 
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Overload relays consist of a current-carrying conductor such as a 
coil or a heater, through which line current flows, and a contact which 
is actuated by the coil. A coil may operate the contact by magnetic 
force. Instantaneous and most inverse time overload relays work on 
this principle. Or a coil or a heater may cause a temperature-sensi¬ 
tive element, such as a strip of bimetal, to heat and deflect, tripping 
the contact mechanically. Such relays are called thermal overload 
relays. 

Most overload relays used for industrial control work have normally 
closed contacts, that is, the contacts are closed with no current flow¬ 
ing, and th(‘ contacts oj)en when an overload current flows through 
the relay. Contactors used on magnetic controllers are generally 
closed by holding their coil energized. Overload protection is ob¬ 
tained by the overload relay contacts interrupting the line contactor 
coil circuits, causing the line contactors to dro]) out and to disconnect 
the motors from the* line. (\)ntrary to control practice, switchg(*ar 
practice prefers mechanically latchod-in circuit breakers. A trip coil, 
energized on overload, causes the breaker to open. Thus overload 
relays us(‘d on switchgear generally have normally open contacts 
which close and energize the trip coil u])on occurrence of an overload. 

Contacts of overload r(‘lays may be self-reset or hand-reset. On 
self-reset relays, th<* contact recloses automatically after the motor 
has been disconn(’ct(‘d Irom the line. On hand-reset relays the con¬ 
tact stays open until it is r(*clos(‘d mechanically, usually by pressing 
a reset button. On magnetie controllers using momentary contact 
])ilot device's or master switclu's with undi’rvoltage ])rotection, either 
type can be used. Although the hand-reset feature is not nece^ssary 
to obtain satisfactory operation, many control users prefer hand-reset 
overload relays Ix'cause tlu' operator is forced to go to the control panel 
to reset the relays. This manual operation prevents the operator 
from restarting his drive immediately upon an ovc'rload, and there is 
a greater probability that the operator will invc'stigate the cause of 
the overload. Hand-reset overload relays must be \ised on con¬ 
trollers with maintained contact pilot devices, as self-reset relays 
would cause the motor to ^^pump,” that is, the motor would continu¬ 
ally attempt to restart against the overload. 

The question arises of how many relays should be used and how 
they should be conneeted in the motor circuit. The connections of 
overload relay coils in tlie most commonly used motor circuits are 
indicated in Fig. 2()3. See sketch A. Ovi'rload relays f(»r d-c motors 
are connected in the lines to the motor armature. Relays which pro¬ 
tect against sliort circuits are connected in both sides of the line. 
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Relays which protect against o]>eratinp: overloads need ])e connected 
in only (3ne side of the line, preferably the positive sidt*, since the 
nej^ative line is p:roiind(‘d on many industrial systems. 

Thre(*-phase indnciion motors are protected by overload relays in 
two phases^ as indicated in sketch botli against short circuit and 
against ov(‘rload. If tlie motor is connected to a four-wire network 
system, overload protective r(‘lays in two phases are sufficient, as the 
neutral wire has no effect on the balanced load curn*nt of the motor. 
However, if relays are to jn'otect against wimling faults or short eir- 
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cuits, any one of the tlir(‘e phase'' may short-ciicuit to ground, and 
three n'lays, one in each ])hase, are re<|uin‘d, as shown in sketch (\ 
Two-phase motors are ])rotected against overload and short circuit 
by two relays, one in each phase isei' ski'tcli IJ). 

When selecting tin* size of overload relay to protect a giv(‘n motor, 
its service factor must be consitlered. Standard continuous-rated 
motors for 40 (' rise have a service factor of IT) jier c(*nt, that is, the 
motor can deliver 15 i)er cent more jxiwer than its nam(‘])late rating 
indicates without injurious heating, and n'lays sliould be selected 
for a current of 115 ])er cent motor full-load current. 

Thermal Overload Relays -• •'* 

This type of overload relay, which has found universal use for 
the protection of continuously rated motors, uses the heat-storing 
ability of a thermal responsive element and connected mass. The heat 
generated by the motor load current flowing through the relay is 
conducted, convected, or radiated to this element, which causes the 
relay contact to open when it has reached a certain temperature. 
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By proper design of tlie relay parts, and by providing the necessary 
heat-storing ca])acity, the heating characteristic of the relay can be 
made to follow closely the heating characteristic of the motor. The 
tripping characteristic, that is, the tripping time plotted versus cur¬ 
rent, should simulate the motor-heating curve as shown in Fig. 262. 

Classified on the basis of the temperature-responsive element used, 
the following groups of relays are commercially available: 

1. Solder pot or solder film type. 

2. Direct ex|)ansion tyiu*. 

3. Bimetal type. 

Solder pot and soder film relays utilize an alloy with a low melting 
point. When the relay reach(‘s the temperature for which it is de¬ 
signed, the solder softens sufficiently to n'lease a spring mechanism, 
o|H*ning the re-lay contact. After the sold(‘r lias had time to liarden, 
the relay can b(‘ reset. Such relays are inexp(*nsive, but great care 
must be ex(Tcised in tluar manufacture to obtain n'liable operation. 
They are used mostly on manual and magnetic starters for small in¬ 
duction motors. 

Direct expansion relays make use of the elongation of a piece of 
metal under the effect of heating, and this (‘xpansion, suitably ami)li- 
fied by a lever system, actuates the contact. Although this jirinciple 
has found considerable aiijilication in th(‘ design ot tluTinostats, it has 
not been used widely for overload relays, although it prescaits inter¬ 
esting possibilities for future dcveloinnent work. 

Bimetal relays are the most commonly used types of thermal 
relays. The heat-responsive element is a strip of bimetal which is 
deflected by heat. To eliminate variations in the tri])ping point, the 
deflection of the strip does not actuate the contacts directly, but the 
strip releases a meclianical latch, ])ermitting a spring to oi)en the 
contact. Tims the mechanical work which the bimetal stri]) has to 
perform is kept at a minimum, insuring uniform trij^ping. After the 
relay has tripped, a definite period of time must elai)>e before the 
bimetal strip returns close enough to its original position to permit 
the relay to be reset. 

Resistance ty]>e thermal relays contain a resistor through which 
load current flows. The heat generated in the resistor element is radi¬ 
ated, and to a limited extent conducted and convected, to the bimetal 
strip. Figure 264 shows a relay of this type suitable for use with d-c 
or a-c motors. The bimetal strip forms a cantilever, arranged inside 
the resistance element. When the strip is deflected sufficiently, a trip 
lever is released upward, causing a horizontal bar to turn and to open 
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the relay contact. By interchanj^inp; heatert? of various sizes the relay 
can be used for motors of dilTercnt full-loud currents. One, two, or 
three bimetallic elements can be arranges! (m one relay, all elements 
actuating the same contact. After the bimetal strips have cooled 
sufficiently, the reset button may be pressed, which turns the hori¬ 
zontal bar and i)ushes the trip levers downward vM> that tliey engage 
again with the biimtal stri})s. 

In sketch B the average times recpiired to trip and to reset the re¬ 
lay in a 40 C ambient are plotted versus per unit motor current. A 
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comparis\)n with the motor-heating curve of hig. 202 indicates that 
tor ciirr(‘nt.s up to six tiiiK's normal the relay trips within a short (T tifiie 
than that recpiired by the motor to readi its ultimate tcMuperaturc 
limit. At higlu*r currents, tlie r(‘lay wouUl not f\illy ))rot(*ct tiie Tnotor, 
Therefore, when thermal overload relays are used with motors hav¬ 
ing a high bailed current, a careful study mu^t he made of motor 
heating to detei-mmc whether the selected relay affords motor protec¬ 
tion during a stall. 

The resistanee heating elements have a limited heat-storage capac¬ 
ity. Since there is a time lag between tlie heating of th(‘ resistanee 
element and tlie h<*ating of the bimetal strip, the heating element may 
melt and damage tiie relay jicrnuinenlly under a heavy .short-cireuit 
current b('fore the r(‘lay is able to trip. Thermal ov(Tload rvluyn do 
not afford sliort-circuit protection, and fuses or fast-tripping circuit 
breakers should always be installed in the lines ahead of the r(‘lays. 
The National Electric (’od(‘‘ sj)ecifies that the rating of sncli fuses 
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or circuit breakers shall be not over four times the rated current of 
the motor. 

Another method to get the heat into the bimetal strip is by induc¬ 
tion, and a relay based on that principle is shown in Fig. 265. The 
bimetal strip is arranged inside a copper tube, which is surrounded 
by the relay coil. The coil acts as the primary, and the copper tube 
as the single-turn secondary winding of a transformer. Load current 
flowing through the coil induces a current in the tube, which heats up, 
and the heat is transmitted to the bimetal strip in the tube. Such 
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Fkj. 26 o. Induction type thermal overload relay. A. With coil assembled. B. 
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relays can be used only with a-c motors. Deflection of the bimetal 
strij) actuates tiie relay contacts, which are either self-n‘set or hand- 
reset by a reset button. This type of relay is available only in a 
single-pole form, and two relays must be used to protect a three- 
phase motor. For motors rated above 100 amperes, current trans¬ 
formers are used to supply the relays. The tripping characteristic is 
similar to the one shown in Fig. 264. 

When thermal overload relays are applied, it myst be recognized 
that these relays are essentially resjionsive to temperature, and 
changes in ambient temperature have an effect on the current at which 
the relays trip. For exam])le, the ultimate tripping point of a tlicrmal 
overload relay, without any current flowing through its heater or coil, 
is approximately 95 to 100 C. At tliat temperature, the bimetallic 
strip will be at tlu' ]>oint of tripping. As long as motor and relay 
operate in the same ambient temperature, and the motor is applied on 
the basis of its 40 C ambient rating, the nday automatically com¬ 
pensates h)r variations in ambient temperature. If the relay oper- 
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ates in a higher ambient temperature, while the motor operates at 
normal ambient of 40 C, the increase in relay ambient temperature 
can be accounted for by selecting a larger relay heater or coil, usually 
one size larger for each 15 C increase in relay ambient tcini>erature 
alH)ve 40 C. 

On some control applications the relay is subjected to widely fluc¬ 
tuating ambienl tcm])eratures, while the motor operates in no^’inal 
ambient temperature. For instance, the control may be in.^talie(l 
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outdoors, ^\hile tlie motor is indoors. Relays are available which 
are compensated for ambient tenif)eratur(‘s. A eoinpensatt'd nLiy 
of the induction type, illustrated in Fig. 2t)0, shows the r(‘lay exjiloderl 
so that its internal i)arts can be seen. Tlu' bimetal strij) is wound 
in the form of a helix, which is surround(’cl by the* coil. The coil 
current induces a current in the helix, which causes the helix to heat, 
and the resultant rotary motion actuates the relay contact. The trip¬ 
ping current varies approximately 3 j)er cent for every 10 C' change 
in ambient between 20 and 70('. 

Compensated relays tend to recogniz(' only the circuit flowing 
through them, without regard to the temperature of the surrounding 
ambient. Thus when the motor and the controller operate at an 
ambient temperature above the normal 40 C', a comj)ensated tempera¬ 
ture relay will allow current to flow through the motor, just as if it 
were operating in a normal ambient. As a result, temperature in the 
motor may he excessive. Judgment nmst be exercised when applying 
compensated relays. 
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For seleetinf' the proper thermal overload relay heater or coil for 
a given motor application, the relay data published by the manu¬ 
facturer are used. The standard relay tables are based on general- 
purpose 40 (' rise continuous-rated motors, having a 15 per cent serv¬ 
ice factor. As commercial motors are usually rated on a conservative 
basis, and in order to keep the number of heaters and coils of a com¬ 
plete line within reason, the standard relay tables are laid out so that 
the relay will ultimately trip at a current between 110 and 130 per 
cent of motor full-load current. Such tables are based on peacetime 
practices. For motors which have been applied during the war under 
Omservation Order L-221 of the War Production Board, the relay 
tables had to be modified to take into account the elimination of the 
service factor. 

Thermal overload relays arc often used with motors rated on a 
different basis from continuous and 40 0 rise. If specific application 
data on the h(*ating of such motors are not available, which would per¬ 
mit an accurate check of tlie overload relay si’lected, the following 
will serve as a guide for selecting heaters from a standard table for 
40rise motors as published by the relay manufacturer. This table 
may not be accurate for all motors, but it works out well in the 
majority of cases. 
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Instantaneous Overload Relays 

Instantaneous ovi'vload relays are ehH’lromagni'tic dcwices in which 
an armature is attracted by the flux produced by the load current 
flowing in tlK‘ coil. The relays open their contact when the motor 
current exceeds a definite set value. The purpose of such relays is to 
protect both the motor and the driven machinery against damage 
due to suddenly applied high overloads. The relays offer no protection 
against burn-out of a motor on sustained light overloads, but they do 
protect against mechanical and electrical damage to the motor and the 
machinery if gears bind, a <lrive jams, or some faulty operation by the 
attendant throws an excessive load on the motor. 
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On d-€ systems, which generally produce only comparatively low 
short-circuit currents, and on some a-c applications on power systems 
with limited short-circuit capacity, instantaneous overload relays 
have been used for short-circuit protection, and a contactor inter¬ 
rupts the short-circuit current. Such relay a]>plication <‘an be con¬ 
sidered only if the interrupting capacity (d the contactor is ade(|uate 
for the short-circuit current of the system to which it is connected. 
If the short-circuit capacity of the system exci‘eds tlu* int(‘ri upting 
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ability of the contactor, otlier means than overload relays must pro¬ 
vide i)rotection, as discussed later in tliis chapter. 

Sliown in Fig. 207 an* two commonly used tyj)es of instantaneous 
overload relays. The left-hand relay is a single-poh* type, for use on 
d-c circuits. The magnet core, carrying tla* curr(‘nt coil, is behind 
the panel, and the contact is in front of the iianel. The magnet struc¬ 
ture is solid, precluding the use of this r(‘lay on a-c controllers be¬ 
cause of eddy current losses. The right-hand relay can be used on 
both d-c and a-c controllers. It has two coils; thus one relay can 
protect a polyphase motor or two d-c motors. A jdunger is drawn 
into the coil when the current exceeds the relay s(‘tting, and the im¬ 
pact of the plunger opens the contact. 

Instantaneous overload relays are used principally on controllers 
for intermittent-rated drives such as cranes, hoists, and the like. 
The relays must be set high enough so that they will not trip on 
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starting current. Instantaneous overload relays are usually set to 
trip between 250 and 300 per cent of motor full-load current. As 
motors for intermittent-duty applications are generally selected so as 
to develop sufficient torque for the worst starting condition, there is 
little danger of motors overheating from sustained overloads, because 
*‘on^^ time of such motors is generally too short for the motor to come 
up to temperature. 

Inverse Time Overload Relays 

The most iinj)ortant intermittent-duty d-c drives use mill type 
motors which possess an inherent high overload capacity. Opinion 
on the best practice for j)rotecting sucli motors is divided. Whereas 
one school of thought considers fast-oj)ernting instantaneous relays, 
which are set high, ad(‘<piate ])rot(‘cti()n, other operators prefer to use 
inverse time overhaid relays. Such ndays are similar to instantaneous 
relays, but the opcaiing of the contact is delayi'd by some suitable 
time delay attachment. Inverse time ndays trip after a definite time 
on mod(‘rate overloads, whereas they trip fast on high overloads or 
short circuits. Thus they provide some i)rotection for the motor 
against sustained overloads, whereas they protect both motor and 
drive against excessiv(*ly high current and tonpu' jx'aks. 

One method of obtaining an inverse time* tripping characteristic 
is to add an oil or air dash-pot to an instantanc'ous overload relay. 
Tlie dash-])ot restraiiih the plungcT moveimait, and the* time delay 
depends on tlu* magnitudt* of the coil current. The trij)])ing character¬ 
istic can be influenc(‘(l by suitable rel(*ase v(*nts. The ])rincipal 
objection against dash-iiots is that they must be carefully serviced, 
since dust and dirt, which may ent(‘r the dash-])ot, will affect the 
tripping time. The ])erformance of oil dash-pots is fiirUit more 
influenced by the viscosity of the oil which depends on the ambient 
temperature. If oil is left too long in a dash-})ot it is likely to sludge 
so that dash-pot oil must be renewed at regular intervals. 

These disadvantages are overcome by the relay shown in Fig. 2(>S, 
the time delay of wdiich is obtained by magnetic action. The arma¬ 
ture of the relay, which is attracted by a series coil, is restrained by 
the magnetic flux emerging from a strip of nickel-iron alloy called 
Invar. This material clianges its magnetic property under the influ¬ 
ence of heat, and it loses its permeability at approximately 240 C. 
A heater, connected in parallel with the relay coil, heats the Invar 
strip as a function of load current. When the Invar strip loses its 
permeability, the lock-out action ceases, and the relay armature 
picks up and opens tlie relay contact. An auxiliary armature, which 
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IS attiacted to the coil at high currents, moves the Invar strip me- 
chanicall> and peimits the relay ai mature to pick up instantaneously. 
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time is longer for a start from a cold condition than after the relay 
had carried current. The instantaneous tripping current can be 
adjusted independent of the inverse time trip. The relay contact is 
reset either automatically or by hand, depending on the position of 
an externally turn-button-operated latch. 

Protection against Short Circuits ^ 

Gcncr«nl-[)urposc industrial control efjuipment is usually rated in 
amperes or horsepower. Thus the rating is indicative of the normal 
load and regular operating overloads, such as a stalled motor condi¬ 
tion, which the control equipment is designed to handle. Control 
equipments may be subjected to high thermal and mechanical stresses 
as a result of sljort circuits occurring on the load side of the control 
apparatus. A complete control equipment must include protection 
against damage of the control devices by the destructive forces of a 
short circuit. 

The magnitude of th(' short-circuit current which may occur at 
any point in an industrial power system bears no relation to the 
size of the motor and the rating of the control equipment installed in 
any branch circuit. Tlie short-circuit current is solely determined 
by the chanacteristics of th(‘ power system. The symmetrical short- 
circuit current fhnving at the location of the fault is equal to the 
system voltage divided by the sum total of the impedances between 
the generator and the fault. During the first half cycle an unsym- 
nietrical current of nearly twice the symmetrical short-circuit peak 
current may flow. The unsymmetrical short-circuit current peak 
determines tlu' maximum mechanical stress to wliich controller parts 
may be subjected. As protective devices which interrupt the short- 
circuit current during the first half cycle may prevent the short- 
circuit current from attaining its full value, the short-circuit current 
which would flow if no protective devices were in the circuit is called 
the “availabh* short-circuit current,” and it forms the basis on which 
protective devices are selected for a given installation. 

Magnetic controllers are able to interrupt ten times their normal 
rated current. They are also able to carry fifteen times their rated 
eurrent for one second. Many power supply systems exist, to which 
such controllers are connected and which under eonditions of short 
circuit or ground fault are able to supply currents greatly in excess 
of the values given above. It is considered beyond the scope of this 
book to jiresent methods to calculate the short-circuit current which 
may flow in a power system. The reader who is interested in making 
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a short-circuit study should refer to available literature on that 
subject.^* 

To convey an idea of the magnitude of short-circuit currents which 
may be encountered on an industrial power system, the following 
statements should be of interest: 

1. The available short-circuit current in a d-c system may r; ntv 
from a few thousand up to considerably over UK),000 ampere^. 
The valu(‘ of current will d(‘]>end on the characteristic^ the 
source mid the load und(‘r short-circuit condition‘d, together with 
the location of the fault with n^spect to the j)t'Wt*r siairces. 

2. Tlie available short- urcuit current in low-voltage a-(’ *-yst(‘m‘d, 
uj) to 000 volts, may be as high as 100,()()() am|)(Tes rms. I'hi' 
value of curnait will dc'ptaid on tlu' total ri‘a(‘tau«*e in tia' cinuiit 
from th(‘ point of fault t<» the* soun'e of po\\(‘i. 

In high-voltag(‘ a-c '^y'^ttans of 280t) or lOOt) volts, sliorl-ciiauiit 
values as high a> loOjHM) to 2r)0.0t)0 kva an* fre(|U(*ntly encoun- 
ter(‘d. Tn r(‘latively f(*w installations it may be possible to 
obtain valu(‘s a^ high as .V)(),000 kva. 

4. While the foregoing stat(‘mentv indicati* possii)lt* maximum 
values, prop(*r system design, including the consideration of tin* 
jKiwer source cajiacity, usually ke(*j>s the short-cinaiit currents 
down to valiH's mat(*rially lower than those* indicat(‘d above. 

The figures given above indicate that industrial control contactors 
may be subjected to fault currents gn*at]y in excess of their ability 
to interrupt or to carry for any h*ngth of time. lb‘cognizing this 
condition, the National Klectric (’ode * reepiires branch circuit pro¬ 
tection ahead of industrial control ec|uipment, which is intended to 
protect the branch circuit conductors, the control ai)|)aratus, and the 
motor against damage by fault curr(‘nt. The motor branch circuit 
protective devices must be able to carry the starting current of the 
motors, but their rating or setting must not exceed the valu(‘s given 
in Tables 18 and 19, unless it is impossible to start the motor with 
such settings. In such a case, the jirotective d(‘vice may b<* selected 
on the basis of a higher current rating, which, however, must not 
exceed 400 per cent of the motor full-load current. 

There are two recognized devices which may be used for branch 
circuit protection, namely, fuses and time limit air circuit breakers. 
The maximum permis.sible ratings prescribed by the National Elec¬ 
tric Code are given in Table 18 for variou.s typ(‘s of motors not 
marked wuth a code letter. C’ode letters have b(*en introduc(‘d for all 
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TABI.E 18 

Maximum Rating of Motor RKANrii (^mruiT T’rotei’TIVE Devices for Motors 
NOT MARKED with a Code Letfer 

Per Cent of Full-Locul Current 

Circuit Breaker Setting 




Tnsian- 

Time 


F me 

taneouR 

Limit 

Type of Motor 

Fating 

Type 

Type 

Singlc-phiisc, all tyfws 

300 


250 

Squirrel cage aiul synehninous 

(full 



voltage*, rt'si.stor, or reactor 

St art- 



ing) 

300 


250 

S(juirrel cage arul synelironous 

(auto- 



transfoniier .starting) 




Not more than 30 ainper(‘s 

250 


200 

M<»rc‘ than 30 aini)(‘n‘s 

200 


200 

High r(‘ae(anee stiuirn*! cage 




Not more than 30 ani|M*re.s 

250 


250 

Mon* than 30 amjMTes 

200 


200 

Wound rotor 

150 


150 

Direct current 




Not more than 50 hp 

150 

250 

150 

Mon* than 50 hp 

150 

175 

150 


single-phase and i)()lyphas<» s(juim‘l cage motors and synchronous 
motors rated hj) and larger. The code letter designates the locked 
rotor starting kva jier horsc'power as follows: 


f'(«/(' Kmi per Up 

Ijfttrr Ij<M'ke<l Kotor 
A 0.0-3.14 

B 3.15 3.54 

V. 3.55-3.00 

I) 4.(H) 4.40 

K 4.50 4.00 

F 5.(H> 6.50 

(1 5.00-0.20 

H 0.30-7.09 


('(nU‘ Km per Up 

IA tier Lwkeit Kotor 


.1 7.10- 7.00 

K 8.(X) 8.90 

B 0.00- 0.00 

M 10.00-11.10 

N 11.20-12.40 

1’ 12.50 13.00 

K 14.00 and aliovo 


Table 19 lists the maximum permissible rating of motor branch 
circuit protective devices, as established by the National Electric 
Code for motors that are marked with a code letter. 

When selecting either a fuse or a circuit breaker for protecting an 
industrial controller, consideration must be given to the time re¬ 
quired for the protective device to operate after the fault has oc¬ 
curred. During that interval of time the controller is subjected to 
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TABLE 19 

Maximum Rating of Motor Branch Circitt pRcmimvE Dfaicks for Motorb 
MARKED With a Cook Letfer 

/Vr Cf ;i/ <)/ FuU-Jjoad 
('urt vnt 

Firrutt 

liffokrr 

Fust Stitn 7 , Time 

Type (if \fotor Riitniy I aw** iyp*^ 

All a-c singh'-pluusc and p«)h|)has<' M|uirn‘! raj^f aral 
synrhron()ii> niotora ifull volta^r, icsi.stor, or 
n*ai*tor slartin^;^ 


(\k 1(‘ letter A 

ir>o 

150 

C’oih' letters B to }•] 


2(K) 

(^)(le letters F (o K 

;n)o 

250 

All a-c s(juirrel cage anti syiichroiauis motors 
auto-t raiistoi iner st art ing 

with 


(\)(1<‘ letter A 

150 

150 

Code l(‘t(ers H to E 

200 

200 

Code lett(Ts F to H 

250 

2(K) 


stresses due to tlu' fault current. Tlu‘ the (‘lU'rj^y permittc'd to 
flow through the controller during the fault, the l(‘ss th(‘ ])rol)ability 
of dama^(‘ due to fault current. 

Small contactors, NKM.\ size 3 and small(‘r, have* limited thermal 
capacity. To preveait overheatinj» of curn^nt-carrying; jiarts, the 
protective device should interrupt the tault current in h‘ss time than 
one half cycle. Tc'-ts ha\c shown that (National Electric 

Code) non-renewahle cartridge* tuses, when selected in accordance 
wdth Table 18, provide adeepiate jirotection. In establishing the fuse 
ratinp; for a given motor, tlie following factors liav(‘ to be considen*d. 
If the fuse is too small, it overprotects tlie motor and blows on over¬ 
loads which should be taken care of by the ov(‘rload relay. If the 
fuse is too large, too long a time is n*(|uinMl to interrupt the fault 
current and overlaaiting of the coiitrollei may result during the dura¬ 
tion of the fault. These are the reasons that under no circumstances 
should the fuse rating exceed 400 jht cent of motor full-load current. 

Larger contactors, XEMA size 4 and larger, hav(‘ greater thermal 
capacity and are able to withstand the effects of fault currents for 
several half cycles. Air circuit br(‘akers, •'uch as rlescrib(‘d in C'hap- 
ter 6, are used wdth such contactors. Such breakers have an inverse 
time tripping characteristic f(»r moderate overcurnait^, preventing 
the breaker from tripping on motor starting inrush current. Under 
high short-circuits currents, these breakers open instantaneously, and 
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an adequate air circuit breaker interrupts a short-circuit current, 
equal to its interrupting rating, in four half cycles or less. Instanta¬ 
neous trip breakers arc often used on d-c circuits but not on a-c 
circuits. 

High-Voltage Current-Limiting Fuses 

Many instalJation.s of industrial control cfjiiipmcnt arc in use today 
on 2300- and 4000-volt systcnis, the only short-circuit protection of 

wJiicli consists of oil circuit break¬ 
ers in the substation. Such pro¬ 
tection used to be considered ade- 
(jiuite as long as industrial power 
systems were small, and the short- 
circuit currents under the worst 
condition amounted to only a 
few thousand amperes. With the 
growth of i)()wer systems in indus¬ 
trial plants, es[)ecially when con¬ 
nected to large public utility net¬ 
works, available short-circuit cur¬ 
rents have risen to many thousand 
amperes. Short-circuit currents of 
such magnitude are greatly in ex¬ 
cess of the interrupting capacity 
and the short time current-carrying 
ability of control a])])aratus. Cir¬ 
cuit break(‘rs and high-voltage 
fuses, which require several half 
cycles to interrupt tlie fault current, permit the short-circuit current 
to flow too long tlirough the contndler, and severe damage has oc¬ 
curred to control devices under fault conditions. 

Current-limiting fuses, which were introduced in the United States 
in the late 193()’s, afford excellent protection to industrial control 
equipment. A current-limiting fuse is a fast-acting fuse, consisting, 
for instance, of a silver wire embedded in quartz sand which inter¬ 
rupts the short-circuit current during its initial rise in the first half 
cycle. Thus tlie current is iiiterrupted before it has reached the first 
peak of the available short-circuit current. In Fig. 209 the current- 
limiting action is illustrated. The dashed curves are tiie available 
short-circuit current, drawn both for the symmetrical and the asym¬ 
metrical case. Tlie solid curves are the currents actually flowing in 


."'x AVAILABLE 
FUSE * SHORT CIRCUIT 

MELTS^ ' 


CURRENT 


A-WITH SYMMETRICAL 
SHORT CIRCUIT CURRENT 


AVAILABLE 
SHORT CIRCUIT 
CURRENT 


FUSE ^ 
MELTS 


B-WITH asymmetrical 
SHORT CIRCUIT CURRENT 

FifJ. 269 Tntrrnii)tion of shorf-cir¬ 
cuit current willi current-liinil mg 
fUs(\ 
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the controller. Becjuise of the steeper initial rise of current, the 
fuse interrupts at a lii^Iier current when the sliort-eireuit current 
is syinnietrical. Fu^es are rated on tlie ba.^is <,f their ability to in- 
terrui)t the available short-circuit current of the circuit on which 
they arc iiistalU'd. No code has yvt been established piverninji; the 
application of such fuses to control e(iuipinent, and the manufac¬ 
turer's recommendations should be folh>\ved in selecting tlie proper 
fuse si/.e for a given controller. 



When applying current-limiting high-voltage fu^es, the same fac¬ 
tors have to be considered as in the aj)plication of low-voltage fus(‘s. 
The fuse should have a sufficiently high current rating so that it will 
not interrupt on starting and operating overloarls. It should not be 
too large to interrupt the short-circuit curn‘nt for which the fuse is 
selected during the initial current rise in the first half cycle. 

In appearance, current-limiting fu.ses do not diffcT greatly from 
conventional fuses. In Fig. 270 a set of three fuse's is shown in¬ 
stalled in the to}) comiiartment of a 2300-volt starter. The fuse fit¬ 
tings are arrangeni so that the fuses can be used as switch-hook- 
operated disconnect switches, eliminating the use of s(*parate discon¬ 
nect switches. 
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SOLENOIDS, THRUSTORS, BRAKES 

Solenoids and Thrustoi> are devi(‘es which convert (lectric energy 
into mechanical enerfz:y, as.^ociatiul with linear hioiion. Their out¬ 
put is ineasun'd in pounds pull (»r thrust at a stroke or ^ap in incites. 
The product of th(‘ir force and stroke has the und of inch-pounds, 
which is comj)ara!)h' to th(‘ tonjuc d‘‘v<‘lopcd by a m(»tor and repre¬ 
sents th(' inechani(‘al work that (‘an be done at constant force. Al¬ 
though some of these d(‘vices are us(‘d dir(‘clly as a source of power 
for i)rocess machinery, tlu‘ majority are apiilied as actuators for 
some UK'chanical control d(‘vices, such as valv(‘s, dampi'rs, and the 
lik(‘. They are also used to trip nu'chanical latches or to load 
sprin^-o])(‘rated machine jiarts, an<l many ar(‘ used on im'chanicul 
brakes. Thus soUmiokIs and 'Fhrustors ar<‘ usujdly regarded as 
c(mtr(d d(‘Vic(‘s, and birlt by manufacturcTs of control etiuipnu'nt. 
Because tlu'V art* oftcai a])pli(‘d in (‘onjunction with maj»n(‘tic control, 
a brief outline of their function and their application data is given 
in this chapter. 

Alternating-Current Solenoids 

Shown in Fig. 271 is a typical solerioid for u^c* on a-c circuits. 
The frame consists of thin silicon st(‘el laminations, which are var¬ 
nished to reduce eddy current lossc-s. Tin* stack of laminations is 
riveted together, and heavy outside punchings provide the necessary 
rigidity. Mounting feet, in the form of angle brack('ts at the top and 
bottom, form part of tin* riveted structur(‘ and permit mounting 
of the sokaioid at either end. Similarly, the jilunger consists of 
laminations, rivet(‘d tog(*th('r to form a solid body. ()n(‘ end of the 
plunger (the j)ole face) and a corresjionding section of the frame 
(the seat) are carefully ground so that the plung(*r, when fully 
attracted, is accurately seat(*d again.st tlie frame. Tliis accurate 
seating is imjKirtant, to prevent the magnet from being n(usy. Pole 
shaders, as describ(‘d on pag(‘ 172, are j)rovid(‘d to keep solenoids 
from chattering. An air gap or a spacer of non-magnetic material 
must be inserted somewhere in the magnetic path so that the plunger 

119 
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will not stick closed because of residual magnetism when the coil is 
de-energized. 

Coils are wound on molded or metal spool bodies. They are held 
in position by leaf springs between the frame and the spool body. 
Plunger guides of brass or beryllium copper prevent the plunger 
from wearing the spool body. 

Solenoids are available cither as pull type or push type. The 
solenoid of Fig. 271 has the load attached to the head of the plunger. 
When energized, the solenoid pulls up the load. A jmsh type sole¬ 
noid has an extension on the 
plunger, protruding through tlie 
top of the frame. A load attache(l 
to the extension is pushed up wlien 
the solenoid is energized. 

The physical dimensions of a 
solenoid determine its rating. The 
maximum stroke sliould not ex- 
vval OIK' half the plunger length. 
The j)ull is ecpial to the force 
of attraction between frame and 
|)lung('r. It is determined by the 
cross section and reluctance of ihv 
magiK'tic patli and the ampere- 
turns of th(' coil. When voltage 
is api)lied to the coil, the current is e<iual to t('rminal voltage' divided 
by coil impe'dance, which is the' ve'ctor sum of resi^talK‘e and react¬ 
ance. I)ci>ending on the position of the ])lunger in the frame, the air 
ga]> change'?' and \\ith it the re'aetance' of tlu' coil and the re'luctance of 
the magnetic j)ath. The ])ull of the solenoid varies as the plunger 
moves along the ])ath of its stroke. The rated ])ull is the minimum 
pull within tin' range' of rate'd stroke. 

Plotted in Fig. 272 are pull ve'rsus stroke e)f a certain sedemoid with 
various ce>ils. Curve A is for use with a OO-e'ycle coil, and curve B 
is a ce>rrespe)nding plot with a 25-cycle ce>il. Curves are given be:>th 
for rnte'el coil ve)ltage anel fe)r S5 ])er ce'ut e)f ratc'ei ce)il voltage. Two 
magnetic fe)re*es act on the plunger. One is the attractiem between 
the pole face e)f the plunger anel the seat. The other is the soletwiri 
force, which pulls the j)lunger into the e^enter e)f the magnetic field, 
that is, into the ce'nter of the emil. The fe)rce of attraction rises 
steadily as the stre)ke be'e-onu's slmrter, because of the reduction in 
air gap betwe*en the pe)le face anel the seat. The solemoid force 
varies along the path e>f the stroke because the ceiil current changes 
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as the inip(*(Ian(*c witli the (h the plunger. The 

difference in the change in coil impedance accounts for tlie difference 
between pull curves for 60 cycles and 25 cycles. Near the end of 
the stroke, the pull rises sharply, and the plunger strikes its seat 
with a blow The differences between the net pull and the load must 
be dissipated by the impact. Thus no advantage is gained by using 
an oversize solenoid becau'^e the extra inipael foice experienced 
\^hen the plunger scats tends to reduce the hie of the solciioid 


C-WtTH DC caL 



STROKE IN INCHES STROKE IN INCHES STROKE IN INCHES 

Til. 272 Tull I HIM'' o{ '^uli Hold with »( ml d-i i oiT Ij*'!*' 1 iki n with 
r ojH 1 itimj u* nu-'t zi i\ H\ | Imiiri i wi i«ht 1 Is | omuls I) ii i t «ki n with 
coil at 12) (" Soli noiil iiliim M iximmii ^Iroki Pt mi hi ^ Tull pounds af 
60c^(l<^at S) jK ! (lilt volti^i 7 pounds if J") i \ i liii S'l pi i iiiil xoltiigc* 
‘I pounds it dm 1 1 < i n nf it SO | i i < < nf \ oil iv!:< 

With 'saiiations .n \oltagt, the solenoid pull \ uic^' the medically 
as the scpiaie of the \olt.im \(<uaU\, sat ui at ion of the iron re¬ 
ducers the pull somewhat at me leased \oltag( ji.ii tie ulai Iv \\he*n the 
gap is small It is eU'•tomaI^ to publish tin |)ull of solenoids at 
rated voltage and at (S'3 ]n i eent of lated M)ltag(‘ If the 5i\aihd)le 
control voltage somfe* xaiies conside lahh, the solemoid muht be 
selected on the basis of So peT e*e‘nt of lated xeiltage, in oideT to make 
certain that suffie ie*nt pull is de*\eleiiieel ie*gardl(ss of \oltago ce3ndi- 
tions If the supplv \oltage is constant, best results are eihtaineel 
by applying the solemeud on the basis of its full \e)ltage rating be¬ 
cause impact is then re*duced and longer life re‘sults 

In designing mechanical linkages hetweeai solenoul and load, care 
must be taken to permit the ])Iunger to scat fully If rneclianioal 
parts prevent the plunger from sealing against th<* seat, the air gap 
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in the magnetic path is increased, reducing the impedance of the 
coil and causing the coil current to be higher than its rated value. 
As a result, the coil will overheat and burn out. 

Direct-Current Solenoids 

Solenoids operated by direct current do not require a laminated 
magnetic structure, and solenoids are on the market designed espe¬ 
cially for d-c operation, with continuously rated coils. Some manu¬ 
facturers are ada])tmg their standard line of a-e solenoids to d-c 
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I'Ui 27IJ. D-c solenoid with cut-out switch. 


a])plications in order to obtain a better produetion set-np, using the 
same frames and plungers. 

As the current through a d-e roil is governed only by its resistance, 
which does not change with the jKisition of the plunger, the coil 
current on ])ick-np mu^t be high enough to pull the iilimger against 
its rat(‘d load at maximum air gap. It would be uneconomical to 
design a coil which would stand piek-up eiirreiit indefinitely with¬ 
out overheating. Many d-e solenoids arc therefore built with two- 
seetion coils and a cut-out switch. Such a solenoid and the eonnee- 
tioiis of its coil circuit are showm in Fig. 273. The piek-up coil 
has low resistance and produces sufficient ampere-turns to lift the 
plunger and rated load. The holding coil has a high resistance. 
With the plunger drojiped out, the holding coil is short-circuited and 
only the piek-up coil is effective. When the plunger is almost 
seated, it actuates a lever which opens the cut-out switch and inserts 
the holding coil in series with the pick-up coil. The combined re¬ 
sistance of the two coils reduces the coil current to such a value that 
the coil temperature stays below the permissible rise of 85 C. With 
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this current, the i^hinper pull is sufficient to keep the plunder from 
dropping out under its rated mechanical load. 

As in the cas(‘ of a-c sohaioids. tin* pull rist*s as the |>lunRer travels 
through its stroke. Idle rise in pull is ev4*n higher than with corre¬ 
sponding’ a-c solenoids, he(‘ause the coil curnait does not drop wlien 
tlie plunder a|)proaches its seat. In Fi^. 272, curve is a plot of net 
pull versus stroke of a solent)i<l with d-c coil, which is of the same 
size as the one u^ed for determininji curves A and />*. The hi^i) pull 
at reduced air ^aji incrtaises the impact of the plun^^er upon seatinp;, 
and it is (*v(‘n more imperative to avoid the use of oversize solenoids. 

Thrustors ^ 

A Thrustor is an electroliydraiilic nu'chanism whi<*h converts elec¬ 
tric* en(*rjiy into a straight-line, conMant thrust. In this respect, a 
Thriutor differ^ basically from a M)li*noid in that the force it de¬ 
livers is constant throiiahout the stroke. Shown in Fij^. 274 is a 
se(‘tional view of a Thrustor, (*xposin.iic its int(‘rnal workinj^ parts, 
as well as an external view of a complete* d(‘vice. 

It consists of a cast or seamless tube tank, filled with oil, in the 
bottom of which is locat(‘d a centrifugal pump. The impc‘ller is driven 
by an electric motor which is assc'inbled on the* top cover of the tank. 
Inside is a piston with two push rods, conn(‘ct('d t<i a cross bar, 
which deliv(‘rs the us(‘ful thrust. Whe-n the imp<‘ller is driven by the 
motor, ])ressure is built uj) under the jiiston, which moves upw^ard. 
With the motor and pump impelh*!* stopped, the* load force's the piston 
down, and the oil is by-passed around the piston. 

Thrustors have* been built for thrusts up to 3200 pounds and 
strokes up to 10 inches. Th(*y arc* most widc'ly usc'd on three-phase 
systems, })ermitting scpiirrc*! ca^e motors to be used for driving the 
impeller. It is the* simplest and most reliable type of motor avail¬ 
able, which enhancc’s the ruggc*dnc*ss of the devi(*e. Thrustors can 
be built with single-phase or ci-c motors. 

No injury to the motor results from stalling of the Thrustor. If 
the Thrustor is overloaded at any position in its stroke, the piston 
stays there and the impeller simjdy spins in the oil. Removing the 
overload causes the piston to rise to the top ])osition, and again the 
impeller keeps on spinning in the oil, thus eliminating the two chief 
disadvantages of solenoids. There is no sudden rise in force near the 
end of the stroke. Also no burn-out can occur if the load is greater 
than the rating of the device. 

Variations in line voltage u]) to 15 per c(*nt undervoltage have no 
effect on the rated thrust. Overvoltages up to 10 per cent are per- 
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missible without injury to the motor. Variations in frequency cause 
a change in motor speed and affect the thrust apf)roximately as the 
square of the motor speed. 

Tlirustors are inherently more sluggish than solenoids, since a cer¬ 
tain time is recjiiired to pump the necessary quantity of oil. The 



Fkj. 274. Soctionnl nnd plain view of Thrustor. 


minimum time of up stroke travel of the cross bar is 0.25 second per 
inch plus the starting time, which is between 0.3 and 0.5 second, 
depending on Thrustor size. By nK‘ans of restrictions in the oil 
path, the travel time can be in(*reased to any desired value, should 
the application call for slower than normal travel. 

Similarly, when the Thrustor is de-energized, a certain travel 
time is required for the down stroke. The minimum time depends 
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upon Thrustor size and load and is of the order of 0.5 second. If a 
baffle is used in the return path of the oil, which can be adjusted from 
the outside, it is possible to increase the down stroke time to 10 
seconds. 

Thrustors can be sujiplied with a suitable base for ripd mount¬ 
ing or for clevis mountin^^ A Thrustor without base is shown in 
the right-hand view of Fig. 274, and a Thrustor with bast' for clevis 
mounting is shown in the lelt-hand A*iew of Fig. 274. Thrustors may 
be tilted uj) to 45 <legre(‘s either side of vertical, without lessening 
of stroke or thrust, or loss of oil. 

Types of Brakes ' 

Many motor apidications retpiire a mechanical 1 eke. Ability to 
stop quickly and accunitely may lie of inii)ort! ]u*e. Mechanical 
brakt‘s, either alone or in conjunction with some form of electric* 
braking, are used for that purpose. Or a load may have to be held 
against the effect of an extraneous force, su(*h as gravity. Hoists 
are a typical example* of a drive recpiiring a brake to hold a load after 
it luH been stoppc'd. 

A brake consists es.^entially of a wheel or disk, against whi(*h a 
band or shoe of suitable friction matc*rinl is })resse(I. W'eights or 
springs can be* used to supi)ly the necessary pr(‘ssur(‘. Weights have* 
the disfidvantage that their mass stores energy, possibly causing 
])ressure jieaks to occur when the brake is aj>pli(’d. Springs, which 
store j)ractically no kuu’tic energy, are used nearly exclusively to 
supply brake* jiressure. i^lectrically o])(‘ratc*d brakes lire* g(*nerally 
sj)ring-s('t, e'h'ctrically releas(*d ()(‘casionally, inverti'd brake's are* 
used, for instance to hold the weights of rail clamps on crane bridge's, 
where springs release the brake and e*lectrical oi)e‘rators apply the.* 
brake. 

Two kinels of i^roblems are inve)lved in the* design anel a|)plicatie>n 
of brakes. One st*t of problc’ins is pure ly me'chanie'al and ce)nce*rns 
the torepie which a brake develops to lioid a load, or the energy a 
brake is able to dissij)ate when stopjnng a load. The* other problc'ms 
concern the electrical ojK*rating ine'ans which are governed by the 
power supply, circ\iit design, and desired speed of res])onse. 

Considering first the nie*chanical part of the brake, there arc three 
commonly used types, namely, disk, band, and shoe brakes. Disk 
brakes are built only in the smaller sizes and for applications where 
duty is not sc'vere. Th(*y are comjiact and particularly suited for 
motor mounting. Shown in Fig. 275 is an a-c disk brake, mounted 
on a sciuirrel cage induction motor. The brake cover is partially 
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cut away to expose the internal parts. A system of metal disks, 
mounted on the motor shaft, rotates with the motor. A system of 
plates of friction material can move axially. With the brake de- 
en(>rgized, the friction j^lates are pressed against the metal disks by a 
spring. With the brake energized, a pair of magnets unloads the 
friction plates and they run then clear of the metal disks. The 
whole brake is (‘iiclosed in a bell-shaped housing, assembled to the 
motor end shield. Motor and brake are assembled at the factory, 
and no provisions for mounting and lining up the brake have to be 
made at the installation. 



Fu.. 275. Di^k brake. 


Band brakes have the friction material mounted on a continuous 
steel band wliicli lies around a brake wheel mounted on the motor 
shaft. They are one of tlie earlier types of brakes. Their princi¬ 
pal advantage is that they cover a wide arc of the wheel, as much 
as 90 per cent of the total wheel surface, thus reducing the pressure 
per unit area. The action of the band is that it tends to tighten 
itself in one direction of rotation. The band keeps dust and w^ater 
off the wheel, which results in nearly constant coefficient of friction. 
The important disadvantages are the difficulty of raising the band 
entirely off the wheel and of obtaining ecpuil braking torque in both 
directions of rotation. These difficulties can be overcome by sub¬ 
dividing the l)and into several pieces, shaped like shoes, and sup- 
])orting the pieces correctly. Figure 276 is a view of a three-piece 
band or three-shoe brake. 

Shoe type brakes have the friction material fastened to two shoes 
which are applied to the wheel from opposite sides. Each slioe 
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covers an arc of approximately 90 degrees, experience having shown 
that not much braking effect is gaiiual by choosing a greater arc. 
Thus apjiroxiniately ISO degree.^ of the circumference of the wheel 
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Fi(j, 27G Thr(’o-|>i(‘( f‘ Imnd or llin'c'-slioc })oikc. 

are utilized for brakinir. A typical two-^hoe brake with wheel is 
siiown ill Fill:, 277. The siioes are individually adjustable and si'lf- 
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Fig. 277. Solenoid-operated two-.shoe brake. 

aligning; only a short stroke of the operator is required to release 
the shoes clear of the wheel, and all parts are simple and easily 
accessible. 
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The following table gives a comparison of the three types of brakes 
with respect to their operating characteristics: 



/Msk Brake 

Band Brake 

Shoe Brake 

Service to which adapted 

light 

heavy 

heavy 

Motor mounting 

(‘asy 

in small sizes 

in small sizes 

Braking torqut* 

limited 

high 

high 

Heat dissipation 

fair 

fair 

good 

Adjiustment 

easy 

difficult 

easy 


Brake Operators 

hilectrical operators to release brakes are clapper magnets, sole¬ 
noids, torcjue motors, and Thrustors. CdappiT magnets have a sliort 
stroke and low inertia. The disk brake of Fig. 275 uses two a-c 
clapf)er magnets. The three-shoe brake of Fig. 276 has a (dapper 
magnet inside tlie housing to the left. Clapper magnets have the 
advantage that the travel of the moving parts is small, which rc'sults 
in fast releasing and scdting of the brake. 

Solenoids ai*e used principally on d-c brakes, of which Fig. 277 
is an exam|)l(*. On a-c brakes, solenoids are usee] only in th(' 
smaller siz(*s. The impact ui)on closing of the solenoid plac(‘s a high 
strain on the moving ])arts, (‘specially if tlu* i)r(‘ssure of the brake 
spring is adjusted below normal. Coils are designed so that tluy do 
not overheat on 10 pt‘r c<‘nt overvoltage. Tiny di'vcdoj) sufficient 
pull to release the brake at 85 per cent of rated voltage. 

I)-c brak(‘s ar(‘ either shunt or series wound. Shunt brakes are 
equipped with a coil connected across the control bus, and the 
brak(‘s release when the coil is energized. Shunt brake coils are 
designed so that they rc'lease the brake at 80 per cent of rated 
voltage and do not overheat at 110 per cent of rated voltage. Series 
brakes are etpiipped with a coil through which motor power current 
flows. Seri(‘s brake coils are rated in amperes, and they are designed 
so that the brake will release when 40 per cent of rated current 
flows through the coil. Once the brake is released, it will stay 
released on currents down to 10 per cent or less. The use of series 
brakes has several advantages. The brake cannot release unless 
current flows through the motor and torque is available at the motor 
shaft. For this reason, series brakes arc most often applied to crane 
hoists, as it is impossible to release the brake and drop a load should 
the motor power circuit be interrupted for any reason. Series coils 
have lower inductance than shunt coils, and they arc quicker to 
release and set. Series coils are wound of heavier wire than shunt 
coils, w’hich reduces the danger of coil failure. 
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Large a-c brakes are preferably e(iuipi)ed with a torque motor or a 
Thrustor. These operators overcome tlie objections to the use of a 
solenoid, because both subject the moving parts to a definite force, 
regardless of stroke, brake wear, or adjustment. Also the operators 
are quiet, which makes tliem desirable for use in office buildings or 
hospitals, for instance on elevators. Figure 278 is a view of a 
Thrustor-operated .-hoe brake. The brake wheel is omitted, expos¬ 
ing the lining of friction material. 



l‘Hi. 127<S. Thni-toi-oix r.»l( <1 tiUiKi 


Brake opcMators are de^igiM'd to supply tlie iiec(‘—ary force to over¬ 
come the jiresMire of llie brake spring'^. DuriTig normal oi)eration 
their tem])eratur(' rise must not excee<l tlu' limits (*stablished by 
NEMA standards. Brakes are ral(*d for continuous opcTation or for 
short-tiiiK' oj>eration, eitlier one liour or one iiall hour. A continuous¬ 
rated operator with rat<*d voltage or current applied, do(*s not exceed 
the permissible temjM'ratun* rise when the brake is ndeased for an 
indefinite period of time. If rat(*d voltage or current is apfdied to a 
short-time rated operator, the permissilile temperature rise is reached 
after the time on which the rating is based has elapM*d. For inter¬ 
mittent-duty applications, })rakes are generally selected for the 
same short-time rating as the motors with which they are used. 

In applying Thrustor brakes, it must be considered that they arc 
more sluggish than solenoid-operated brakes. The time for Thrustor 
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brakes to release varies between 0.25 and 0.35 second, depending on 
brake size and spring setting. The minimum time for Thrustor 
brakes to set varies between 0.28 and 0.5 second. In many cases 
this slow setting is an advantage, as it permits appyling the brake 
smoothly when a heavy mass is to be stopped. Thrustors are 
eciuipped wdth an adjustment so that tlie brake-setting time can 
be increased up to a maximum of 10 seconds. Thrustor-operated 
brakes are j)articularly suited to stop heavy machinery, such as 
movable bridges. 


Torque Rating of Brakes 

Torque ratings of brake's, wiiicli are listed in manufacturers’ hand¬ 
books, are basi'd on the a.ssumption that the brake's are a])plied as 
holding brake's and that tlu'y deliver a give'ii torepie at stanelstill. 
Applying brake's for re'tardation and stopping of loads involves con¬ 
sideration of the character ed the load, which is discusseel later in 
this chapter. 

The torepie which a brake' is able to delivi'r and against which 
the brake is able to hold dependh on the are'a of the brake whe'el, 
the specific j)ressure of the friction material against the wheel, and 
the coefiicient of friction. Woven asbe'ste)s with an organic binder 
is the most commonly use'd type of lining. It is riveted to the brake 
shoes, with the advantage that it can be renewed at the point of 
installation, which is not possible with molded linings. The coeffi¬ 
cient of friction varies considerably, deiiending on the condition of 
the wheel surface and the lining itself. Thus brakes should be 
jirotected so that oil and water, which reduce friction, cannot be 
deposited on the wlu'el. For calculating torque, the coefficient of 
friction can be assumed as 0,35. For a two-shoe brake, on which the 
shoes sjian 180 degrees of the wheel, the braking torque is 


().357rD-7<7^ 
T = - - 


24 

= 0.0\2I)-FP 


(70)# 


where T — torque in pounds at one foot radius, 

P = average specific ])res.sure in pounds per square inch, 

D = wheel diameter in inches, 

F = wheel face* in inches. 

In designing a brake for a given tonpie rating, a compromise 
must be made. In order to obtain long life of the lining, P should be 
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low. On tlie otlior lunui, I) ^houl(i Im* kopt snijill in ordor to mluco 
tlu‘ iiK‘rtia of the wiu‘t*l ami tho Moriai tMioruy to bo <iissipat(‘ii diirinjti; 
rotardation. 

On most appIi(‘ations tin* brako is solootod ^o that its tortjuo is 
0 ({ual to rated lull load torcjiu' ol the motor, which is 

5250 hp 

, (71) • 

*s 

whore hp = rated fidl-Ioad liorsepower, 

N full-load motor s])(hh 1 in revolutions per minute. 

On travel motion^ of cranc's, wliero motor size i< di't(Tir.inod by 
rat(* of acceleration and where tin' brake is usc'd a^ a parkinj^ brake 
only, a biaki* having a tonjm' ratinji, of less tliau 'ull-loful motor 
tonpie is cntir(‘ly a(h‘<iuate. On die otlaa* hand, ^ u Iioist applica¬ 
tions witliout (‘le(‘tric lirakiim, a brakt' with a tonpa* rating hif»iier 
tlian full-load motor tonpu* mu‘-t 1)0 us<‘d in ord(‘r to stop a l(»ad which 
is ac(‘elerated by gravity. Thus considerations of sjnaafic applica¬ 
tions uovern tin* sel(‘ction of br,d<es, which, how(‘ver, have nothing to 
do ^Mth the basis on which they are rat(‘d. 

Standard sizt‘s of brake's are liste'd in NICM.-V Tndustrial Oontrol 
Stiindards. Jtatiims of brakes an' establishi'd in t(*"ms of tonpu' 
only, which means that oidy brake sizes an' standardiz(‘el, and 
Xl'iiMA is silt'iit on the manm'r in w'hic'h th(' brakes an* a|)plied. 
Table 20 ^ives a listing of standard d-c solenoid or niai;n(‘t brakes, 

TVBLK 20 

St\M)AUI) NKMA Ratinos op I>>(' Hh^kc.s 
Hrnkf Torquv in Ponmls at Oue-Fintt Raftnis 


Shunt lirakuH 

S( nrs 

lirakvn 

(Umtin uous 

Onr Hoar 

Onr Hour 

Thirti/ ^finutf‘H 

3 

10 

15 



25 

35 



50 

75 



70 

tM) 

00 

00 

1,50 

2(K) 

135 

2(K) 

4(H) 

525 

3.50 

525 

075 

IKK) 

tm 

m) 

1350 

1S(M) 

12(K) 

1S(K) 

‘27(K) 

.3(K)0 

24<K) 

30(H) 


and in Table 21, standard a-c brakes are listed. For (*ach size of 
brake, continuous- and short-time-duty toniue rating is obtained by 
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^l ABI.E 21 

Standakd NEMA I^atinch of A-C/ Brakes 
Maximum Torque liatinq in Pound-Feet 


H-Hour 

3 

fniermiUent 

10 

15 

25 

:i5 

50 

75 

125 

100 

325 

4(H) 

m) 

K(H) 

12(K) 

KUK) 

2t(H) 

32(H) 


olifiiiRinp; tlie s])rinp: tension. The operators are of tlie same size 
for either ratinjj;, hut their (‘leetrieai lay-out is sueli that a j^reater pull 
is (leva'lopc'd for the hijiiher tonpie ratings. Th(‘ short-tirne rated 
coils, ho\v(‘V(‘r, eaniad be left encTgized lu'vond tlie time indicated 
by their ratinp;. 

Stopping of Load * 

WlK‘n a moving mass is brought to a stop by a brake, the kinetic 
(‘nergy of the mass is absorbed by friction. Some friction is always 
IH’csent in any drive, but, unless such friction is high, it is usually 
neglected in calculating brake performance. It is assumed that all 
kinetic eiuu’gy is al)sorbed as friction between the brake wheel and 
the brake lining. In order to stop a drive accurately, it is necessary 
to know the time within which a motor can be stopped. 

Assuming that no electric braking is used and that the motor is 
stoi)ped simply by disconnecting the motor and brake terminals 
from the line, the following formula can be used to calculate the 
stopping time: 

t ~ ^tt+ 


t = ta ~\ - 

308 T 


(72)* 


whore t = total time in seconds, required to stop, after l)rake has been 
de-energized, 

ta = time, in se<*onds, required for brake shoes to apply against 
the wh('el aft(*r brake iuis been dc'-energizecl, 

= time, in sc'conds, during which motor drifts to a stop aft-er 
brake shoes have be(»n applied, 
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Wk^ = total moment of inertia of drive in poimd-fc*et^ (ir = weight 
in pounds of rotating mass, k = radius of g>Tation in feet) 
reduced to s])eed of brake w/ieel, 

S = speed, in rjim, of brake wheel, 

T = net retarding tonjuc', in pound-fee*!, of brake. 

Time of brake aiiplication varies with si/a* and tyi>e of brake. 
Fnr a sjH*cifi(* application, tlu‘M' data have to be obtaini'il fioin tlu* 
brake inamifactunT. For a-e brakes may be as low as 0.10 sec¬ 
ond or less on small solenonl brakt's. On 'riiruslor brak. ‘ with 
minimum time adjustnuait, it may rise to ().2S to 0.50 strond. On 
Thrustor brakes and on d-c brakes with extra long time adjustmcTit, 
ta may be several seconds. 

Aloment of iiUTtia IFA - consi'-ts (‘xstaitially of the :i.*)tor and brake* 
wheel to which is a<l(h‘d tin* li’A-’ (d any otla r *otating masses, 

reduced to speed N. If part of tlu* drixi, rotating at a spi‘t’d of 
rinn, has an inertia of ITiAr’, tlie (*<|uivalent inertia at speed S is 



If the load includc's parts lia\ing lin(*ar motion, their (*(|uivalent ino- 
mcni of inertia can be determined as follows: 



where IF = w(*ight, in ])ounds, of moving mass, 

V = linear velocity in ff*et per minute of moving mass. 

Retarding torcjue T is the net torcpie which absorbs the kinetic; 
energy. If no external forces, such as gravity, are acting on the 
load, T is the actual torf|ue of the brake*, j)lu*' friction tonpie, w’hich 
is usually neglected. If an (*xternal force, for instance* gravity, acts 
on the load, retarding torepie T is the brake torejue minus the ov(*r- 
hauling torque of the load. If the brake torejue* is eepial to the over¬ 
hauling torepie, the load is not brought to re*st, for which reason 
brakes wdth a torque rating larger than full-loael motor torcpie are 
often used on hoists. If mechanical brakes are us(*el in conjunction 
with electric braking, or if slow-.^^etting brake's are ai)})lie*el, a ])oint- 
by-point cah’ulation must be made, considering the* variatiem e)f re*- 
tarding teirque as a function of time anel m«)teir spee*el, to eleterinine 
the stopping time. 
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Duty Cycle Application of Brakes 

Service brakes on intermittent drives are subjected to a duty 
cycle of being alternately released and set when the motor is started 
and stopped. During stopping of the motor, kinetic energy, which 
is dissipated as friction between brake wheel and lining, is transformed 
into heat. This heat in turn has to be dissipated by the brake. As the 



lining consists of insulating material, little of the heat generated by 
friction enters tlie brake shoe. Practically all heat enters tlie wheel 
and has to be dissipated by it. 

Although the lining can be neglected as far as heat dissipation is 
concerned, it limits the maximum ])ermissible temperature. Asbestos 
contains water of crystallization which begins to distill out of the 
lining at approximately 500 F, Organic binders oxidize at 450 to 
500 F. No standards have been established concerning the permis- 
sil)le temperature rise of brake wheels. It is considered good practice, 
however, to limit the temperature rise to 400 F. 

Heat dissi])atioii of the brake wheel is a function of ventilation, in 
other words, of the speed at which the wheel turns. As brakes are 
selected on the basis of motor horsepower, it is convimient to express 
the heat-<lissi]>ating ability in terms of horse]H>wer which can be ab¬ 
sorbed without overlu'ating the brake. Figure 270 is a grai)h, indi¬ 
cating the horse)K)wer that can be dissipated as a function of speed. 
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for a lino of six similar brakes of difTereiit size. Such a graph is based 
on beat runs, and, for a speeifie brake apjdieation, the information 
has to be obtained from the l)rako manufaeturer. 

For most ai^])lieations, brakes are sideett'd on the basis of required 
tor((ue. an<l lieating does not enter into this seleetion. If a duty cycle 
i> involved, elieek the l\eat-<lissipating ability of the brake as follows. 
Th(‘ energy stored in tla* l)rake wheel during taich stop ean be euleu- 
latt‘d by tla* following formula: 



IKK) 


(75) • 


where E = stored energy in hors(*p()\aa* seeonds, 

\V/r — total iiuMtia of tlu* syM<‘in in pound-feet^, 

S = spe(Ml of brak(‘ wla^el at instant of brak(‘ s(‘1ting in rpm. 

Tiie sum of (MUTgy E for all stops during the duty cycle, divided 
by tiu' duration (»f tla* cycle in s<M‘onds, is tlie average* horse'power 
the wh(‘el has to dissipate. 

Xi‘xt, (I(‘terinine the dissi])ating ability in horse])ower s(*(‘onds for 
each part of the duty cycle*, including standstill ]>eriods, from a curve 
such as Fig. 27!). For acceh*rating and dec(‘l(*ration pt‘riods, assume 
an av<‘rago spee*d of one half to]) s|)(‘ed. Divide* the total hors(*|)ow(*r 
seconds thus (d)tain(*d by the* duration e>f the* e*ycle*. This value* is the 
ave*rage dis^ij)ating ability in he)rse*powe‘r. If this value* is larger than 
the ave*rage* steired horse*|)owe*r as de*te*rmined in ae’cordance* with the* 
})re*e*e*ding ])aragraph, the* brake is ade*ejuate* for the* duty cycle. If ne)t, 
a large*!’ brake* has to be* used. 


Brake Connections •' 

The manner in which brakes are cemne*cte‘d in a e‘ontrol circuit has 
an impeirtant be*aring eai the*ir performance*. There are* no (]uc*stionH 
concerning d-c serie*s brake's. The‘y are connee*te*d in series with the! 
motor power circuit, anel the*re is no furthe*r choice. l)-c shunt brakes, 
howe*ver, can be* conn(*cted in various inanrie*rs. Shown in Fig. 280 
arc a number eif me*the)els in whie-h such brake-s can be controlled. 

Sketch A sheiws the power circuit eif a d-c shunt motor. The con- 
trollcT is of the simplest kind, a i^ingle^-iieile line contactor interrupting 
the positive line to the motor, the negative line being solid. The brake 
ceiil is connected to the load side of the line contactor. AV'ith the 
motor disconnected from the line, the brake is s(*t, and when the motor 
is energized by the closing of contactor M, the brake releases. When 
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contactor M drops out again, to stop the motor, the brake does not set 
immediately, as the counter cmf of tlie motor armature maintains 
current through the brake coil. The motor decelerates by the effect 





E 

Fkj. 2S(). D-c sliiiiit l)rakf control circuits. M. Lino contactor. B. Brake con¬ 
tactor. BH. Brake relay. 


of friction, and the brake acts only as a holding brake. This con¬ 
nection should not be used on hoists, as an overhauling load would 
prevent the brake from setting. 

Breaking up the current patli from the motor armature through 
the brake coil by a second pole of contactt)r M jicrmits the brake to 
set immediately when the motor is de-energized. Such a circuit is 
shown in sketch /i. Both connections A and B have the advantage 
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that no additional devices are required for the control of the brake 
coil. A more flexible arrangement is obtained l>y introducing a sepa¬ 
rate brake contactor By as in sket<*h (\ The coil of contactor B may 
be energized by an interlock on M or by a s('parate circuit on tlie 
master switch or by a separate pilot device. This connection makes it 
possible to keep the brake relea^ed while 1ht‘ motor is de-energized, 
permitting the motor to drill. Som<*times >hunt brakes ar<* used as 
parking brak(‘s, being s(‘t only when tlu* (‘(juipment is shut down. 

Since the coil of a shunt brake contains resi'-.taiKa* and indi:ctance, 
the speed of brake rc'h'ase, which depends upon the ratt‘ of rise of 
magnetizing current through the brake (‘oil, is goxerned by the ratio 
of coil inductance to coil resistance. Tsing a partial voltage coil willi 
a resistor in series reduc(‘s the* ratio of inductance' to v* >istance. The 
rate of coil current rise iiicr(‘as(‘'^, ami ila* tim(‘ n'eppred for ilu* brake 
to rek'ase is shortened. 

Speed of brake' rele'a'-e* is turthe'r increa'-e'd by the* cnniu'ction of 
sketch I). It ('lay BI\\ which i^- of the* inagne'tic time* de*lay dro])-ou( 
type, short circuits the* resistor ‘u s(*ries with the* l)rake‘ coil, as long as 
the brake is se*t. \\ heai contacted’ B close's, the* partial voltage* brake 
coil is connected to full line voltage*, and the* brake re‘le'ase*s fast. A 
normally closed interlock on B de-e*nergiz( ^ the coil of which 

(lr(»ps out with a tune* de'lay and inse'rts the* brake* re*^iste»r, j)re*ve*nting 
the* brake e'oil from ove*rhe‘at ing. 

The* spec'd with whie*h tlie* bnd\e* se*ts i^ not inlhM*ne*(*d by the* choice* 
of connee-tions B, (\ or I). \Vlie*n the brake* coil ciiciiit is inte*rruptcel, 
curre'iit through the* coil ceaM*s (o flow iminediale*ly. lilow’outs on con- 
tacteir B should be* use*d to re*due*e* arcing on the* cjuitacts. The* brake 
cedi elesign must allow' for suflicient insulation to stand the* transient 
rise of voltage across the terminals eif the* highly inductive* coil. Soin(3 
ap})lications, for instance* the trave*! motion of he*avy bridge crane*s, 
require that elee*tric liraking be use*d for de*e*e*h*ration, and the setting 
of the brake is d(*laye*d for smeeoth ‘'to}>])ing. This de'lay can be ob¬ 
tained by conne*cting a elischarge re*sistor in parade*! with tlie brake 
coil, as shown in sketch E. W'liim cemtactor B drops out to set thei 
brake, current through the brake coil doe's not dro]> to zero instantly, 
but it decays gradually, re*sulting in a e-orre'siiemding gradual decay in 
flux, so that the brake se‘ts with a time* de'lay. 

(Vmnections of a-c solenoid brakes are* she»wn in Fig. 281. The 
simplest method is that of ske'tch A. The* brake coil is connected 
across tlie inoteir terminals on the* load side* of the line contactor. No 
additional cemtacts f(»r the iirake are* r(*ejuire*el, and this connection is 
widely useel with low-voltage motors. \\'he*neve*r the* moteir is ener- 
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gized, the brake releases, and whenever the motor is de-energized, the 
brake sets. Thus the brake acts both as a stopping and a holding 
brake. 

When line contactor M opens, voltage across the motor stator 
terminals does not disappear instantly, but it remains established for 
a fraction of a second and decays within a finite jxTiod of time. Thus, 
when M opens, current through the brake coil is not interrupted irn- 



C D 

Fj(J. 2Sl. A-c‘ solenoid brake control eireintb. M, Lin(' eoniactor. J5. Brake 

contactor. 

mediately, which delays the application of the brake shoes slightly. 
On drives where M is controlled by a limit switch and high accuracy 
of stopping is required, ap})lication of the brake can lie sjieeded up by 
the circuit of sketch B. When M ojiens, the brake coil is disconnected 
from the stator terminals. The objectionable feature of this connec¬ 
tion is that one side of the brake coil remains connected to the line 
when M opens. 

This objection can be overcome by using an additional contact on 
line contactor A/, which is connected in the brake coil circuit (see 
sketch ('). The brake coil is de-energized at the same instant as the 
motor, obtaining somewhat faster setting of the brake. 

The most flexible brake control circuit is olflaiiu'd by the use of 
separate brake contactor /^, as indicated in sketch 1). This connec¬ 
tion permits keeping the brake released while the motor is dc-ener- 
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gizod and drifts rctaidod only bv frirtuin A spparato brake con¬ 
tactor must always b( u^ed in connection with luuli-voltapo motors. 

Thrustor-operatcd Inake^ aie (onnci ted eitliei directly to the motor 
terininalb or to the powii ''uppl> thiounb a "eparuti biuke contactor. 
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CHAPTER 10 


MANUAL CONTROLLERS 

Although th(' of this book is mjisiK‘tir control, it is deemed 

opportune to include a brief cluipter dealing with inaiiually operated 
controllers, as they are used at times in conjunction with magnetic 
controllers. For instance, on infre(iuently started wound rotor induc¬ 
tion motors, the stator connections are often controlled by con¬ 
tactors because of th(‘ ease* with which overload protection and safety 
interlocking can l)e provided, while the secondary resistors are con¬ 
trolled manually by means of face plat(‘ rheostats or drum switches. 
On an adjustahk'-voltagc' controller, the starter for the motor gen¬ 
erator s(‘t may b(‘ liand-op(‘rat(‘d, because the set is started only once 
or twice a day. Tlu* choice of a manual controllcT is usually indicated 
by consi(l(Tations of cost in such cases where n(‘ith(T safety nor con- 
veni(’nce of o])eration make the use of a magnetic controller im¬ 
perative. 

Face Plate Controllers 

Face j)lal(' conliollers are ih(' oldest and simph'st starters for d-c 
motors. They consist essentially of a box in which the tapped starting 
resistor is mount(‘d. In front of the resistor is a base with contact but¬ 
tons, to which the resistor taps are connect(‘(l. By moving a contact 
arm, carrying a sliding contact, over the buttons, a connection is 
(*stablish(‘d between the lim* and the motor first through the resistor, 
and th(‘n the resistor is cut out step by step. Figure 282 shows a typi¬ 
cal face plate starter for small 115- and 230-volt motors. The oper¬ 
ating handle is part of the front cover and engages the contact arm. 
Undervoltage protection is provided by an undervoltage magnet. The 
contact arm is restrained by a spring. When the handle is in the 
running position, the magnet holds the handle there. Upon loss of 
voltagi', the magnet releases the handle, which is then returned by 
spring action to the starting j)osition, jireventing the motor from being 
connected across thi' line, upon reappearance of line voltage. The 
spring also prevents the operator from leaving the handle in an in- 
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termediate position, which Winihl cause ovcrloadinp; and burning out 
of the starting resistor. 

The princij)al weakness of a face plate starter is its liiniti'd inecliani- 
cal life because of the sliding acti(»n of its contacts. Also the amount 




Fkj. 2S2. F:u-c plalf Mai te r f(*r '•mall <l-c motf»- 

of current which can be broken on the lint* contact is liinit(‘d, as the 
speed of contact opening is slow and a magnetic blowout cann<»t Ire 
arranged conveniently. Starters for largca* motors ineludt* a magiu'tic 
contactor which closes and opens the Ime connection to the motor, 
W'hereas the sliding contacts are used only to short-circuit sections of 
the starting resistor. 

For adjustable-speed motors, combination starters and speed-regu¬ 
lating rheostats are built of the same basic construction. Two rows of 
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contact buttons are provided, one for the control of the armature 
starting resistor and a second row to control sections of a field- 
weakening resistor. Part of the control arm travel is used for starting 
to basic spe(‘(l, and the r(‘rnainder for speed control. 



Flti. 283. Fiico pljito st’i’oniiary rtmtroller for \\oim(l rotor induction motors. 

A face plate type controller for the secondary of a wound rotor 
induction motor is illustrated in Fip. 283. The resistor consists of 
three legs, one for each seciiiidary phase. The spider-like contact 
arm, also consisting of three legs, forms the wye pt)int. Turning the 
contact arm moves the wye point along the resistor sections and 
varies the amount of resistance in each secondary phase. Depending 
on whether the secondary resistor is designed for short-time or con- 
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tinuous duty, the controller can be us^ed for starting or for speed 
control. 

As the face plate controller takes care of the rotor connections only, 
a separate controller is us(‘d for the motor stator connections. In 
Fig. 283 a magnetic line contactor is shown, with overload relay and 
start-stop push button station. When the motor is started, the sec¬ 
ondary rheostat must he in tlu* starting j)osition where all resistance is 
connected in each ndor phase. An auxiliary contact is closedi ni the 
starting position by the (‘ontact arm. This auxiliary contact is con¬ 
nected in s('ri(‘s with the start juish l)iitton, so that the line contactor 
can be closed only when the secondary rheostat is in the starting 
])osition. 

Drum and Cam Switches 

Altliough the principal indueement for th(‘ nse (d face jilate con¬ 
trollers is their mechanical siinj)licity and n'snltant low cost, they lack 
sturdiness, and their life is nnsalisfaclor.y wlu'n conlrolh'rs art* o])cr- 
at(‘d frccpuMitly. Some of the* disadvantages of faei‘ j)late (‘ontrollers 
are overcome by drum switches. The linear sliding motion between 
contact buttons and contact arm is snpers(‘<l(‘d by a rotary sliding mo¬ 
tion between stationary contact fing(‘rs and circular contact segments, 
arranged on a dniin. 

Shown in Fig. 2Sl is a drum switeli for adjustal)l(‘-sp(‘(‘d d-e shunt 
motors, ju’imarily for inacliine tool ai)plications. 'I'lie luaivy eontaets 
and segments reverse* tlie arinatun' eonnee’tions and short-circuit the 
starting r(‘sistor in series with the m(»l(»r armatiirt*. Tlu* eontaets are 
separated from ('aeli other l)y are chutes which can lx* swung out for 
servicing of the eontaets. A blowout coil, through whieli line current 
flows, sets uj) a magnetic flux which assists in inteaTupting the ur(*s 
foriiH'd on the armature eireuit contacts. 'Ha* smaller eontaets above 
the armature eontaets ins(‘rt resistance in series with the motor shunt 
field, to adjust the motor s}>eed. 

The drum switch eonneetions as shown are indicative of the kind 
of application. A multitude' of eonneetions can lx* ohtaint'd by using 
different arrangements of stationary eontaets and drum cylinders. 
Numerous tyjies of drum switches are on tlu* market, both for d-e and 
a-c motors, for starting as well as for spet'd regulation. Especially 
in the larger sizes, drum switches are available which an* suitable for 
use with magnetic controllers. Motor jx>\v(*r eonneetions are then 
handled by magnetic contactf)rs, and s}x*e<i control is obtained by the 
drum switch. S(*mi-inagnetic controllers are often used for a-e motors 
on drives with sufficiently low fretjueney of operation, which do not 
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justify the cost of a full magnetic controller. Magnetic line con¬ 
tactors offer the advantage of obtaining overload protecti(»n, inter¬ 
locking with other drives, or limit switch ju'otection. Typical appli¬ 
cations on which semi-magnetic conlrt)llers are often used are infre¬ 
quently o])crated shop cranes, small mine or construction lioists, and 
small movable bridges. 



Fic. 2H5, Cain-opprated swiicli. .4. C^'ni'ral virw. li, Indis i<ln.il ronlai'l unit 

wiOi .'K tiiaOnu; cam. 


The following a<lvantag(‘s of driun s\vitc]ie< ov(‘r face plate con¬ 
trollers are self-evident: 

1. The handle is casicT to nmnipulate. 

2. (Ireater flexibility exists in the design of dnnn de\'eIoprn(‘nls. 

3. Design is more compacl and r(‘sults in stnniier iiariianical <*on- 
struction. 

4. Contact springs back of the contact fingers maintain liiglier and 
more uniform contact jiressure. 

5. Starting switches can be built citluT for reversing or non-re- 
versing duty. 

6. Blowouts and arc chutes obtain better arc int(Truj)tion on line 
contacts. 

In spite of these advantages, drum switches liave two basic disad¬ 
vantages. The sliding motion between the stationary contact fingers 
and the drum cylinder causes high contact w(‘ar and ])revents quick 
circuit opening. A number of circuits are tied togetlier ele(*trically in 
the drum, and the number of electrically isolated circuits is limited 









MOTOK-STARTING SWITCHES Hi 

for reasons of mechanical design, placing certain limitations on the 
design of drum developments. A detailed study of a given control 
application may show that it is either impossible or at least uneco¬ 
nomical to make up a drum development to obtain the most desirable 
contact closing sequence. 

These disadvantages are overcome by cam switches (sec Fig. 285). 
A cam switch resembles a drum switch in overall ap])earance. How¬ 
ever, each circuit is made up of an electrically isolated pair of sta¬ 
tionary and movable contacts. Kach movable contact is actuated by 
a set of molded cams which force the contact open and closed. The 
closing sequence of any contact, with resjuTt to the cam swHch posi¬ 
tion, is determined by the shape of the operating cams. This design 
realizes the following advantages. Sliding contact.'- aie eliminated in 
favor of butt contacts, which include a slight slidi ir motion for self- 
cleariing, similar to that used in magnetic contacdors. As each circuit 
is completely isolated from any other ciicuit, there are no restrictions 
on the cam development or contact closing sequence*, which can be 
made to fit any desired control circuit. 

(^'tm switches an* built with contact ratings up to fifiO amperes, 
ju’imarily for tin* s(*coiidary control of wound rotor induction motors. 
The forc(*s necessary to move such large switches are considerable, 
and j)ilot motor-operating mechanisms, as shown in Fig. 286, arc 
sometimes usecl. The j)ilot m(‘chanism is desigiu'd so that the switch 
can travel only b(‘tween definite positions, and contacts cannot be 
partly closed by stopping the switch between j)ositions. Since only 
small pilot devices are recpiinnl to control the pilot motor, such 
motor-operated switches lend themselves readily to use in conjunc¬ 
tion with magnetic controllers. 

Motor-Starting Switches 

Manual motor-starting switches are us(*d for full-voltage starting 
of squirrel cage induction motors. They are built similar to a con¬ 
tactor, except that an o[)erating handle takes the place of the operat¬ 
ing coil. Two thermal ov(*rload relays, one in (‘ach of two phases, 
provide overload protection by tri})ping a mechanical latch which 
causes the switch to open. It should be clearly understood that a 
starting switch is not a branch circuit breaker and does not [)rovide 
short-circuit protection, which must be tuk('n care of by an approved 
protective device, as discussed in Chapter H. Motor-starting 
switches, being mechanically closed, do not provide undcrvoltage pro¬ 
tection. 
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Fio 287. Motor Ktarting-wilch rated 5 hor>cpowcr at 
power at 440 Nolts. A. Oonoral view. B. Switeh base. 

Tvliiy, D. Movable contacts. 



220 volts or 7^2 horse- 
C. Soldcr-filin overload 
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A typical starting switch is shown in Fig. 287. It is a three-pole 
device, with double break silver button contacts in each phase. The 
movable contacts are cradled in a molded block connected to a toggle 
mechanism. Thermal overload relays are of the solder ty{)e. After 
tripping, the rela 3 's arc reset by moving the operating toggle to the 
off position, before reclosing the switch. After an overload, at least 
one minute must elapse In-fore the relays can be reset. The starting 
switch shown is rated 3 hp at 110 volt'^, 5 lip at 220 volts, oi 7.5 hp 
at 440 to 600 volts. 


Starting Compensators 

Manual starting com])en^ators aie auto-transformer starters for 
scjuirrel cage and synchronous motors. In connec..( .i with magnetic 



Fig. 288. Low-voltage starting cc)iiii)cn''{itor. 


control, starting compensators are often found as starters for motor 
generator sets of adjustable-voltage systems. 

A typical low-voltage starting compensator is shown in Fig. 288. 
Two sets of contacts are arranged under oil. When the handle is 
moved to the start position, the start contacts close and connect the 
motor to the line through the auto-tran^former. Moving the liandle 
in the run position opens the start contacts and closes the run con- 
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tacts, connectinR the motor across full line voltage. A mechanical 
latch makes it impossible' to clo,se the run contacts before the start 
contacts have been closed. When the handle is released while in the 
start position, it snaps into the off po.sition and prevents the operator 
from leaving the auto-transformer connected in the circuit. 

The undervoltage relay opens a latch and droj)s out the com¬ 
pensator contacts upon l(>.ss of voltage. The motor is stopped by 
pressing the stoj) button, which de-energizes the undervoltage relay 
coil. Overload protection is afforded by a thermal overload relay, 
the contact of which is also connected in the undervoltagc relay coil 
circuit. The stop button is so arranged mechanically that it also re¬ 
sets the overload relay. 

In the compensator shown, the auto-transformer and the contact 
mechanism are assembled in a compact unit. For larger size motors, 
it is necessary to a.sscmble the contacts and the auto-transformer as 
separate units. For large high-voltage motors, manually operated 
circuit breakers are used to establish the motor starting and running 
connections. 
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GENERAL-PURPOSE CONTROLLERS 

Whereas the j)reee(lin^ (hai>tei\s of this hook dealt with devicts and 
elements of ma^m'tie controllers, it is the jnirpose of the concluding 
chapters to present examples of eom])l('te eoiitrolh'rs and control sys¬ 
tems used in practice. In sel(‘cting controllers to be described in de¬ 
tail, an attempt has l)(‘(’n made to <‘hoose some which are representative 
of present-day engineering practice and whi(‘h illustrate the most 
commonly used ty])es. The available field, from which a selection 
can be made, is very bioad, and any discussion dealing with prac¬ 
tical controllers must of lu'ccssity lx* incomi)let(‘, lest it exceed the 
space available within a book of convenient size. In making the selec¬ 
tion. th(* author lias attemjited to jiick subjects of interest to the ma¬ 
jority of industrial control users. 

(ieneral-pur[)ose controllers are designed to start and stop motors 
found in the average industrial j)lant, where motors are usually ap¬ 
plied on a continuous-duty basis and where no sp(‘cial performance 
characteristics are reipiired. Such controllers are listi’d by manufac¬ 
turers as Htandard hue controlU rs. According to tyfies of motors, the 
following general purpose controllers an* in common use: 

1. For d-c shunt and compound wound motors. 

2. For a-c scpiirrel cag(‘ motors. 

3. For a-c wound rotor motors, 

4. For a-c synchronous motors. 


CONTROLLERS FOR DIRECT-CURRENT SHUNT MOTORS = 

Small motors, up to 1 hp at 115 volts ancl 2 hp at 230 volts, have 
sufficiently high internal resistance to jiermit their starting at full volt¬ 
age without exceeding the commutating limit. Starters for such motors 
are very simple, consisting of a line contactor, or a pair of reversing 
contactors, and an ovtTload relay. 

Larger motors must be started with resistance in series with the 
armature, in order to reduce the starting inrush current. Depending 
on the ty])e of service reiiuired, the following forms of starters arc 
available: 
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Non-reversing, starting. 

Non-reversing, starting, with dynamic braking. 

Non-reversing, starting, with speed control by field weakening. 

Non-reversing, starting, with dynamic braking, with speed control 
by field weakening. 

Reversing, starting, with dynamic braking. 

Reversing, starting, with dynamic braking, with speed control by 
field weakening. 

A standard line d-c sliunt motor controller includes the following 
devic(is: 

Line contactor or set of r<‘v^(‘rsing contactors. 

Set of accelerating cont.actors. 

Means to sc(|U(‘nce accelerating contactors. 

Thermal overload relay. 

Starting rc'sistor, NKMA (lass 135 or 13f). 

Dynamic braking contactor and resistor (il r('(|uired). 

Full-field or fi(‘ld-accclcrating relay Ion adjustable spe(‘d controllers 
only). 

Field dischai’ge resistor (only if field circuit is interrupted). 

A line switch is g(‘n(‘rally not included as part of the controller, but 
a safety switch is often install(‘d separately. Control circuit fuses 
may be included as an optional item, but usually they do not form 
])art of standard liru' conti'ollers. If the motor can be unloaded or 
subjected to an overhauling load, a field failure relay is added to jire- 
vent ()vers])('(‘ding because of loss of shunt field. 

NFiMA has standardized the size of line, reversing and accelerating 
contactors in terms of hor>e})ower, as well as the number of accelerat¬ 
ing points. Tal)l(' 22 gives the NHMA ratings. The number of ac¬ 
celerating contactors used is one less than the number of accelerating 

TABLE 22 

NEMA Hatino.s ok D-G Maonktk’ Gontrollkrs for Contini’ouh Duty 
Horsepou'(r Hating of Liue^ 


(ipen S^Hour 

Heversing, ami Final Accelerating 

\ urn her of 

Hat mg 

Contactors 

Accelerating 

in Arnpt rrs 

ito yolU 

iiso Volts 

Points 

25 

3 

5 

2 

50 

5 

10 

3 

100 

10 

25 

3 

150 

20 

40 

4 

31X) 

40 

75 

5 

600 

75 

150 

5 
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points, the first accelerating point being obtained with the line con¬ 
tactor closed and all accelerating contactors open. Intermediate ac¬ 
celerating contactors, which do not carry current continuously, are 
usually one size smaller than the main contactors. NEMA stipulates 
that the continuous current rating of intermediate accelerating con¬ 
tactors ‘^hall be not less tlian one sixth the maximum inrusli current 
peak winch such (‘ontactors would have to carry. 



HOLDING CUTOUT 

INTERLOCK INTERLOCK 


Fin 289 Moohanical time starter for <?mall d-r motors 
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Mechanical Time Starter for Small Motors 

A Bimplo stiirtor for motors up to 3 bp at 230 volts is shown in 
Fig. 289. It consists of a system of contacts, mounted on a shaft, 
and operated by a solenoid. When the start button is pressed, the 
solenoid coil is energized with j)art of its winding short-circuited. 
Line contact 1, which is equipped with blowout and arc chute, closes 
immediately and connects the motor to the line. A holding interlock 




Fio. 290.4 Definite time d-c «darter with dvnamie hrakinp. 
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seals around the start button, and a rut-out interlock inserts the re¬ 
mainder of the solenoid coil in the circuit. This connection obtains a 
high inrush current to close th<‘ solenoid, but this current is later re¬ 
duced to a value which kee])s the heating of the solenoid coil within 
the permissible limit, while still producing sufficient holding ]>ull. A 
mechanical escapement tyj)e time delay mechanism is c(mnecte<l to 
the shaft carrying accelerating contacts 2 and 3, ])crmitting thc'^e to 
close in time secpience as the enca-gy stortMl in a spring by the solenoid 
closing action is gradually release<l. Th(‘ total tim(‘ oi the accelerat¬ 
ing se(pienci‘ is adjustable. 

A thermal overload relay prote(*ts the motor. W'Ik'U the motor is 
stopped by dropf)iiig out the sohaioid ami op(‘ning the lanitacts, the 
motor armature cin'uit provides a discharge* path i >\ llu* slumt field. 

This simple and iiiexptaisive* staiter is suitt‘d only ‘or non-reversing 
starting service for constant-sp(*ed moiors. It has the advantage of 
being small and coiujiact. llowe've*!*, Ix'cauM* of its many moving 
jiarts, it is inhert'iitly a device* of comparaliv(‘ly low m<*chanical life, 
and it should not be* u^ed lor /re*ejue‘nt starting and jeigging se‘rvice. 

Definite Time Starter with Dynamic Braking 

Figure* 2b0 is an example eif a nein-rcve'i’sing starte*r feir a larger 
e*onstant-spe'e'd motor, with elynamic braking and with de'finite time 
ae*e*eleration. The* starter is fieuir-mounted, XKMA type I e*ne*le)Heel, 
with the* starting anel elynamie* braking re'^istoi* mounte‘d ein to]) of the 



Fig. 290B. Connertions of definite time d-c .‘'tarter with dynamie braking. M. 
Line eontiietor. L4, 2A, 3A, 4yl. AreeleratinR contactors. DB. Dynamic brak- 
ing coni .actor, 77L Acc^ h ratinK rc-Iav. OL. Overload relay. 
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enclosure under a cover of perforated metal, which affords mechanical 
protection and ventilation. The contactors are standard shunt con¬ 
tactors. The line, dynamic braking, and final accelerating contactors 
have blowouts whereas the interrm^diatc accelerating contactors have 
no blowouts. 

Definite time sequence of accelerating contactors is obtained by 
timing relay TRf consisting of a solenoid and a shaft, which actuates 
a multiplicity of contacts. The turning of the shaft is retarded by an 
escapement tyi)e mechanical time delay device. The individual relay 
contacts are adjustable so that their closing and opening is staggered 
by definite tiriK intervals. Thus the acc(‘lerating contactors close in 
time seipience. Alter contactor 4A has clos(‘(l, contactc'rs lA, 2A, 3A 
arc dn)pf)ed out, which r(‘duc<‘s coil luxating and j)revents th(‘ir inter¬ 
rupting current when the motor is sto])ped. 

Dynamic braking contactor Dli is energized as soon as line con¬ 
tactor closes. IIowevcT, I)/i is ))rev('nt(‘d from closing by a 
mechanical interlock, as long as is closed. As soon as opens, 
DH closes, its coil being energized by the (‘ountcT (anf of the motor. 
Dli stays closed until the* motor has d(*e(‘lerat(‘{i to a slow sj)eed. In 
order to maintain the motor counter emf during tlu' slow-down period, 
and to cause braking curiH'nt to flow through tlu* motor armature, the 
shunt field is conn(‘ct(*d across the line, and it stays energized when M 
opi’iis. No discharge path is available through the armature circuit, 
and a discharge resistor (usually made of 'ldiyrit(*) must be provided 
for protection of the field. 

Jogging is j)ossible i)y th(' us(* of a se]>arat(* jog push button, which 
energiz(‘s the liiu' contactor only, without (mergizing TR and any ac¬ 
celerating contactors. The jogging circuit is m) arrang(‘d that it is im¬ 
possible to seal in the line contactor when the jog push button is re¬ 
leased suddenly. A si‘])arate jogging rt'lay is unnecessary with this 
circuit. 

Reversing Starter 

For an example of a reversing starter with dynamic braking for 
an adjustable-s])eed motor, see Figs, 291 and 292. This starter in¬ 
cludes definite time acceleration by means of accelerating contactors 
having an inherent time (Uday drop-out feature. Two accelerating 
contact4>rs are ]>rovided, one for the forward and one for the reverse 
direction. The panel is enclosed in a ventilated type I wall mounted 
ease, and the starting and braking resistor is mounted in the back 
of the base. 
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reversing STARTER contactor 

lft^-\:^f. ^ntcoa on IF e- 
through an mterloe o ^---^ 



K,o. 291- P-'ro'e-a^ • . .,Hh u t nuc 

push button is The iorward m^A 

drops out with a tun r„ugi' tl'oir ri'sp ,ntaets on con- 

the overload relay 
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normally closed contacts, IF and 2R are equipped with holding coils 
which are energized by the counter emf of the motor. 

Motor speed is controlled by a field rheostat, connected in series 
with the shunt field. To insure sufficient starting torque, the field 



Pit;. 292. D-c rovorsiiiK J^tartcr with Hynainif hrakinp for adjustahlo-spoed shunt 
motor. \F, 2F. Forward contaftors. lA*, 2A*. Rcvcm'so contactors. FA. Forward 
iitTolcratinj? contactor. UA. Hc\crM’ acccdcratinn contactor. FF. Full-field con¬ 
tactor, i)L. ()>crload relay. 

rheostilt is sliort-circuited by full-field contactor FF during starting. 
FF has two shunt coils. t)ne coil is connected aeross the starting re¬ 
sistor. At the instant of starting, most of the voltage drop in the 
armature eireuit is aeross the starting resistor; thus FF closes. When 
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the starting resistor is short-circuited, FF drops out and inserts the 
field rheostat. The second coil of FF is connected in the motor arma¬ 
ture circuit in such a way that it is energized hy the motor counter 
emf during dynamic braking. Tliis arrangement insures that dynamic 
braking takes place witli full field so that the motor (ieveloy)s maxi¬ 
mum braking torciue, regardless of the position of the fitdd rheostat. 


CONTROLLERS FOR ALTERNATING-CURRENT 
INDUCTION MOTORS 

Standard line controllers for induction motors are g(ai< Uy under¬ 
stood to be start(‘rs. Spec'd-n'gulating controllers fall int(» the specnal 
class. WluTc close sj)e(Ml control is warranted, d-c drives prt^domimite. 
^^'lu‘re many spinnl polnt^ ar{‘ recjuired on wound rotor motors, full- 
magnetic controllers are exptaisive, and drum switches, eitluT hand or 
motoi-operated, an* often used tor secomlary resistor control. Thus 
till* fii*ld of standard general-purpose a-c controllers narrows down to 
contri'Ilers for starting and stopping of motors. 

Controllers may be either non-reversing or reversing. Depending 
on the type of motor with which th<‘y ai’e us(‘d and thi* mi'thod of 
starting enij)loy(*d, the following tyjie^ of induction motor controllers 
are availabli*: 

Full-voltage startei”- for sipiirrel cage niolors. 

Reduced-voltagi* ^tart(*rs for sipiiri-i*! cage motors. 

Primary resistor typi*. 

Reactor tyjie. 

Auto-transformer type. 

Secondary resistor starters for wound rotor motors. 

Full-Voltage Starters 

Full-voltage starters consist of a line contactor, or a pair of revers¬ 
ing contactors, and thermal overload relays in tw'o phases. They are 
enclosed in a standard NEMA case. Ri'versing contactors are me¬ 
chanically interlocked, and electrical interlocking can be accom¬ 
plished by using the back contacts of the reversing push buttons. 
Typical non-reversing and reversing full-voltage starters for low- 
voltage circuits are showm in Fig. 293. 

Contactors used on such starters must be able to carry full-load 
motor current continuously and to interrupt the locked rotor current. 
Contactor ratings have been coordinated by NEMA with motor rat¬ 
ings, and Table 6 (page 178) applies. When motors are frequently 
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jogged or stopped by plugging, the contactors must interrupt IiK^ked 
rotor current more frequently. For applications requiring jogging or 
plugging more frequently than five times i>er minute, NEMA recom¬ 
mends that contactors be selected in accordance with Table 23. 

TABLE 23 

NEMA Hatingh of FitlLi-Voltaok Startkrs for Fkkqi'knt 

Jogging Skrvk k 

Majrimutn Horsepower Hathof 


Hon- 

lt(f 

Volts 

220 Volts 

4 iO «;«/ 

>50 Fo/Za 

tartor 

Three- 

Stngh- 

Three- 

Singh- 

Tune- 

Si ngle- 

Size 

{^hase 

l^hose 

I*h(ise 

{^hase 

{^has( 

{'hose 

(K) 

1.. 


^ 2 

hi 

'■1 


0 


'■2 

1 


1 


1 

2 

1 

3 

2 

5 

3 

2 
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2 

10 

5 

15 

7H 

3 

10 

5 

20 

10 

30 

15 

4 

15 


30 


00 


5 



75 


150 


0 



150 


3(K) 



As far as full-vollagc slar<(*rs an* conc(‘n)(‘(l, Dkmt is no inherent 
limitation to tlie size of motors with whicli such s(art(‘rs can he ns(*(l. 
W'hetlier or not a given scpiirrel cage motor (*an lx* started at full 
voltage depends ])rimarily on tlu* capacity of tlie j)owf‘r syst(*m and on 
rules established by the pow(*r company, and S()m(‘tim(‘s oji the start¬ 
ing torcpie which the drive can stand. It is a motor apj)lication rather 
than a control jiroblem. 

High-voltage starters may lu* air break or oil-iinin(*rsed. Air break 
contactors should always be used for motors which are start(*d fre¬ 
quently, because of longer contact life. ()il-immers(*d starters may 
have to be used in hazardous locations. W'hen oil immt'rsion is not a 
necessity for safety reasons, it otTers tin* advantagt* of smaller size 
than that of air bri'ak starters of ecpiivalent rating. Hu* ratings of 
high-voltage ()il-imm(*rsed contactors, tor use in start<‘rs, are stand¬ 
ardized by NEAIA in accordance with Table* 24. 

TABLE 24 

Rating of High-Voltaok Oil-Immkrskd A-(’ Startrrs for iNaecTioN Motorh 
S'-} {our 

Ampere Maximum Horsepower {fating 

{fating 22<X}-2SIM) Volts Volts 

100 350 

200 7(K) 1250 

400 15(K) 2500 
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Combination starters include not only motor protection but also 
short-circuit protection. In addition to contactors and overload re¬ 
lays, they contain air circuit breakers or fused line switches or, in the 
case of high-voltage starters, current-limiting fuses. Showm in Fig. 
294 are low-voltage combination starters. The starter to the right 



.1 B 

Fig. 291. A-c low-\(ombinalum stutci^ A With fused kuilc bwitch, 
door open B, With an (.luuit bnakci, dooi closed 


ineludes an air circuit breaker with external operating handle, and the 
starter to the left a fiis(‘d line switch. 

Figure 295 is a front and back view^ of higli-voltage combination 
starter'^. The current-limiting fuses in the upper compartment and 
the overload lelay m the lower compartment are accessible from the 
front. The oil-immeised contactoi, the tank of wdiich can be lowered 
by a winch, is accessible fioiii the back for inspection and main¬ 
tenance. 

Full-voltage starteis lor multi-speed scjuirrel cage motors contain 
necessary contactors and o\erload iclays, the detailed arrangement 
and connections depending on the internal connections of the moto/ 
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with which they arc ii'-ed. See Fig. GO for ba^ie motor circuits and 
Table 7 li)age 179) for contactor rating^. 

Standard full-voltage .starters an* also used as line contactors for 
wound rotor motors on semi-inagnetic ctintrollers, \^luch include 
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Fi(. 29o \-( oil iK< < oinlmi il ion n1< A I'tont \ k \\ Ji Um( k \ i(‘\v 

manually or niotor-opci atc'd dium ‘-witc'lu"' for the v(‘c<»ndaiy control. 
Contactor ratings aie tlu* ^aim‘ a^ loi Mjuirnl cagi motors as gjveii 
in Table 0 (page 17(S). 

Reduced-Voltage Starters 

Kediicod-voltagc starter^ inchale the following devic(‘s: 

Start contactors (one or M*\cial). 

Run contactor. 

Timing means to scqu(*ncc from start to run conn(*ctions. 

Thermal overload n^lay. 

Means to reduce motor terminal voltage* (n^stor, redactor, auto- 
transformer) . 
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The rating of contactors, used on such starters, is the same as given 
in Table 6, except that NEMA recognizes a rating standard only in 
sizes 1 and larger. The start contactor of starters with a single ac¬ 
celerating step is of the same size as the run contactor, up to size 4. 
On larger-size starters, the start contactor may be one size smaller 
than the run contactor. If more than one starting step is used, ac- 

LINES 



Ekj. 290. A-r i)ninMiv K'^ishnirt* N. Si tri roniactor. R Hun contactor. 

Al\* Acc('l<'r;ilnij* l iv ()L. UM'iload h hiv. 

celerating contactors arc selected so tliat tlieir oj^en 8-lu)ur rating is 
not less than one sixth of the ])eak current they have to carry. 

Figure 20(1 is a typical (‘haiuaitarv diagram of a j)rimary resistance 
starter. When the start button is presscal, start contactor N and ac¬ 
celerating relay AR close. Tiie motor is connected to the line through 
the starting resistor. Kelay AR is a motor-driven time relay, and 
after it has timed out, it closes its timing contact. Run contactor R 
then closes, connecting the motor to full line voltage. Contactor S 
is dropped out through a normally closed interlock on R, which re¬ 
duces the coil heating of N. ('ontactors R and N overlap, and during 
the transition period the motor stator circuit is m^t interrupted. Re¬ 
actor starters are built like resistance starters, except that a reactor is 
substituted for the starting resistor. Figure 297 is a view of a reactor 
starter, enclosed in a type I case. Both the start and the run con-^ 
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tactors are eqtdpped witih blowouts. Should the stop push button be 
pressed or should the overload relay trip during the starting period, 
the start contactor would be called upon to interrupt the motor circuit 
under power. 

Auto-transfonncr starters are similar in appearance, except that a 
transformer is substituted for the reactor and the start contactor is 
ef|uipped with five jiower contacts. See Fig. 29S for a typical cle¬ 



ric.. 297. A-c i)iiin.iry rc.ictoi ‘•taitcr 


incut ary diagram. The t\M) extra jioles on the start contactor arc 
nc(‘cssary to isolate* the tran*‘forin(‘r whih* tin* run contactor is closed 
to avoid circulating cuiT(‘nts in the tiansfornier winding. Another 
possible* conn(*ction is to place the t\No extra poles of S in the neutral 
of the transformer, as is shown in Fig. 242. Th(*re is oik* imiiortunt 
detail in the control coniu'ction.s in whieli both Fig. 242 and Fig. 298 
differ from Fig. 29G. Tlie start contactor imi’^t drop out befon* tlie run 
contactor is closed, to avoid a high eurn*nt surge and corresponding 
high mechanical stress in the transformer winding, which may cause 
damage to tlie transformer. Wh(*n tin* start push button i.s pressed, 
accelerating relay AR is energized, and at tlie same time start con¬ 
tactor *S closes. Tlie motor is connected to a reduced voltage through 
a tap on tlie auto-transformer. When AR has timed out, contactor S 
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is first dropi)(*cl out, and then contactor R closes, connecting the motor 
to full line voltage. 

LINES 



I n. ‘Jas. Aiilo-ltjui.'>foriii(’r .start('r. N. Start rontjictor. /? Run rrmtiictor. Al^. 
Afc('l(>ralinK rolay. OL. 0\orlc)a(l n'lay. 

For high-voltiigc applications, cither air break or oil-iinrnersed con¬ 
tactors can Ik‘ used, and curreut-Iiniiting fuses may be added for short- 
circuit })rotection. 

Wound Rotor Motor Starters ‘ 

Wound rottu’ motors are started with resistance connected in the 
secondary circuit. Starters may be non-reversing or reversing. A 
standard general-purpose starter includes the following: 

Ijine contactor or jiair of reversing contactors. 

A s('t of accelerating contactors. 

A s(*t of accelerating n'lays. 

TluTUial overload relay. 

Starting n'sistor. 

("ontrtil fuses as o])tional item. 
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Lino f'l* rov(‘i>inj 2 ; ooiitiiotors are rated on (he same ]a>rse]>ower basis 
as f<»r full-voltaj*(‘ startias, exet‘pt that NKMA ri‘eo«j:niz<'s a stamlard 
only in ‘^izes 1 and larfrcM*. Final aeeeleratinfi enntactors are s(*h*cted 
for carrying the actual motor secondary ciirrc'nt. If two-pole con¬ 
tactors are used opi*n-d(‘lta-connecte(l, the nuUor se<‘ondary current 
should not exceed the open 8-hour rating of the contactor. If tripl(‘- 
pr>le contactors are used (ielta-<‘onne(‘ted (see Fig. 12()|, tlu*y are ap¬ 
plied on ihe basis of 150 j)er cent of their S-hour rating. lnt(‘nnediate 
accelerating contactors should have a rating of not less ttiaii one 
si.xth of the maximum current peak they hav(‘ to carry. It is <‘usto- 
mary to make in(ermediat(‘ accelerating conta^ ters one size smaller 
than the final ace<‘Ierating contactor. Sinci* they do not interrupt 
current, th(*v arc' not (‘(piijiped with lilowouls. 

No standard has bc'en esiablishc'd by Nl^MA on the' nnmbc'r of ac¬ 
celerating steps to be iisc'd. d'abli* 25 givc's (h(‘ ninnlu'r of acca'h'rating 

'I'ABIJ*: 25 

Ni MHKK OK A<’< laaac\TiN(} Sti-.cs ( 'cstomI'skd on Wocnd Hotoh Motoh 

S'l \ItTKItS 


Majrintutn 

f>f 

Ar( rlvKilniij 

Hot fHurt / 

Steps 

15 

2 

75 


150 

4 

:m 

5 

KKH) 

0 


steps customarily used cm gencTal-jnirjiose starters. The* number of 
accek'rating contactors is one less than the numlx'r of stc'ps indicated. 

Typical low-voltage starters are shown in Fig. Starter A 

is used with motors uj) to 75 hj). It is enclosed in a tyix* I wall- 
mounted case. The starting resistor is mounted in the back of tlie 
base. The ])anel can be tilted forward to gain access to the back 
of the base and the resistor. Starter B is suitable for use with motors 
up to 150 hp. It is flcKir-mounted, enclosed type I, with resistor 
mounted on toj) of the case. 

Figure 300 is the elementary diagram of a four-point starter. Defi¬ 
nite time relays are used in this case to control the closing of the 
accelerating contactors. Otlier typ(*s of accelerating r('lays can be 
used, such as current limit or frequency relays, as is explained in 
Chapter 12. The accelerating relays shown in the diagram are of 
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the magnetic time delay drop-out type with d-c coils, and each relay 
is connected to its own rectifier. Whether individual rectifiers or a 
common bank of rectifiers for all relays is selected is primarily a 
matter of economics and should be studied for each panel design. 
The following circuit details are to be noted. Normally open inter¬ 
locks on the accelerating relays are connected in series with the 
pick-up circuit of line contactor M. Thus failure of any relay coil or 



Fi( 5. 299.1. ultiigo stail«Ts for wound rotor induction motors. Wall- 

mount ud. 

rectifier prevents llie line contactor from closing. After the start 
push button has been pre^sed and line contactor AT has closed, ac¬ 
celerating contactors 1.1, 2.1, 3.4 close in time sccjuence, as governed 
by relays 1.47^, 2.17?, 3.17?. When 3.1 clones, contactors 1.4 and 2A are 
dropped out and relay 2.47? and 3.47? coil circuits are opened, to re¬ 
duce coil and rectifier heating. 

liigli-voltage starters may be built with air break or oil-immersed 
primary contactors. A typical high-voltage air break type reversing 
starter is shown in Fig. 301. The left-hand panel section contains the 
lugh-voltage reversing contactors, which are e(|uippod with d-c majj- 
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netfe. Potential interlocking relays arc mountcil above the eontacU)r 
magnets. Current-limiting fuses in the top compartment provide 
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P’ly. 299 ^. liow-vollagc ^arteris for wound rotor inducUon motors. Floor- 

mount( (i. 

short-circuit protection. The right-hand K('ction contains the acc(*lc- 
rating contactors, accelerating ndays, overloafl relays, and several 
control relays for initiating automatic plugging to bring the motor 
to a quick sto]). The starting resistor is mounted inside the panel 
enclosure alx^ve the* secondary control section. 
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Kk;. IUM). Dc’fmilc tiiiK’ .slaricr for wound rotor induction motorh. M. Liiu' 
contactor. LI, 2d, ILL Accelerating contactors. \AR, 2AR, dAR, AcceleratinK 
Tclays. UL. Ovt'rload relay. 


CONTROLLERS FOR SYNCHRONOUS MOTORS ^ 

Synehronoiis motors arc etiuipped with a squirrel ea^e winding in 
the rotor pole fae(*s, and they are started like scjuirrel cage induction 
motors, as explained in Chapter 3. Therefore, most synchronous 
motor controllers include eciuipment to connect the stator to the line, 
which is the eciuivalent of a full-voltage or a reduced-voltage starter. 
Large synclironcius motors are sometimes started by first connecting 
part of the armature winding and tlien the full armature winding to 
the line. Synchronous imdor starters differ from induction motor 
starters by the addition of control devices necessary to apply d-c exci- 
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Fio. 301. I]igh-\•'t ut< r foi wfiund rotor indiirtion motors 


tation to tlic motor field. Other device's mav be addt*d (or may be in¬ 
cluded as an inherent part of the field application de'vices} to remove 
field excitation when the motor pulls out of synchroni'-m, and to pro¬ 
tect the s(|uirrel cage winding while the motor is ojieratmg out of 
‘synchronism. 

A synchronous uKilor s(}n tei include*'^, in addition to the full-voltage 
or reduced-voltage oi jrart-wiralmg ‘-tailing eejuijriiu'nt, tlie following 
devices: 
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Field contactor, which closes to connect the field winding to a d-c 
source and, when dropped out, connects the field winding to a 
discharge resistor. 

Means for energizing the field contactor at the correct point of the 
starting cycle and for removing field excitation when the motor 
pulls out of step, usually consisting of one or several relays. 

Field discharge resistor. 

Optional items are: 

Field rheostat or tapped field resistor for adjustment of the field 
curn'nt. 

Jjine ammeter. 

Field ammeter. 

Protective relay to i)revent overheating of the squirred cage winding. 

In Chapter 3 it is exi)lained that the point in the starting cycle, at 
wliich field excitation is a|)plied, has an important bearing on the 
torque available for pulling tlu* motor in synclironism. Various sys¬ 
tems have b(‘en d(‘veloj)ed to control the closing of the field contactor, 
and in th(' following ])aragraphs several typical methods of field ap¬ 
plication are described. For the sake of simplicity, all diagrams are 
drawn for full-voltage starting of a low-voltage motor. Any type of 
reduced-voltage starter may be substituted without affecting the field 
application circuits. 

When field excitation is obtained from a constant-volt age d-c 
source, independent of the motor, the field resistor or rheostat is con¬ 
nected in series with the motor field winding. When an exciter is 
used which is driven by the motor, the rlu'ostat is connected in the 
exciter field circuit, and the motor field current is adjusted by vary¬ 
ing the exciter voltage. During starting, the exciter field rheostat is 
short-circuited in most cases to obtain a faster build-up of exciter 
voltage. 

Field Application by Timing Relay 

Starting a synchronous motor with no load or with a very light 
load, which occurs, for instance, on motor generator sets, does not 
require any special ja-ecautions concerning the rotor {)osition, rela¬ 
tive to the stator, at which field excitation is applied. The motor ac¬ 
celerates as an induction motor to a low minimum slij), and sufficient 
synchronizing torcjiie is developed at any rotor position to pull the 
motor into synchronism. A very simple control system is obtained 
if the closing of the field contactor is made a function of the time 
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elapsed aft«T the elosinjj; of the line or run contactor, as long as suflS- 
cient time is allowed to accelerate the motor to minimum slip. 

Refer to Fi^. 302. An interlock on line (‘ontactor ^f energizes a 
mot(H*-driven timing:; relay FR, the tim<‘-(‘losin^ contact of which 
enerji:izes field ctnitactor F, which connects the motor field to the d-c 

LINES 



Fk;. 302. SviK llI()n()n■^ motor hlailfT uitli <!<‘finitr‘ time* tif'ld apijlication. it/. 

Line eoiitiO t(»r. F. Field contaetor. Fli. Field n Iny. (iL. Oxeilond nday. 

source and disconnects the fiehl di>char^e re‘^i'-tor. W'itli the control 
circuits shown, the field excitation is not removed immecliately when 
the motor pulls out of step on account of an overload. 3"he regular 
overload relay OL must be relied upon to disconnect the motor from 
the line and the field from the d-c source, which may not jmitect the 
scpiirrel cage winding, usually d(‘signed for starting duty only, against 
overlieating. Control device.s, which disconnect the motor from the 
line as a function of the heating of the scjuirrel cage winding, add 
valuable protection. 



474 


OENERAL-PTTRPOSE CONTROLLERS 


Field Application by Slip Frequency Relay 

When the stator of a synchronous motor is conneotod to the line, 
a voltaj^e is induced in tlie fi(‘ld winding, the fretiuency of which is 
eciual to the slip frecjuency. At standstill it is equal to line frequency, 


LINES 



Fio. 303. Synchronous motor starter with slip frequency field application. M. 
Lim* contactor. F, Field contactor. FF, Field reltiy. PFH. Power factor relay. 
OL. Overloail relay. Squirrel cajje iwotectne relay. \TR, 2TH. Definite 

time relays. 

and at synchronism it is zero. When a synchronous motor is started 
under load, the change in frequency of the indneed voltage can be 
used to determine the proper instant at which to apply d-c field 
excitation. 

One application of the slip frequency principle is sliown in Fig. 303. 
As long as field contactor F is dropped out, the motor field winding is 
connected to a discharge resistor, and a-c current flows through the 
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resistor, the frecioeney of which is equal to slip frequency. Field 
relay FR is connected across a portion of the resistor throup;h a recti¬ 
fier. This relay is a d-c relay of the same construction as shown in 
Fig. 108. Its coil is cop|)er-jacketed. Thinuigh the rectifier, half¬ 
wave current j)uls(‘s flow through the relay coil as indicated in Fig. 
304. As long as the slip frecpiency is higli, tlic current ]nilses are close 
togetlur. The relay stays |)ickcd up during tlie period between half 
cycles. As tlu* time between liall cycles becomes longer and longer, a 
point is reached at which llu* period lu'tween half cycles becomes 
longer than tlu' adjustabh* drop-out time of the r(4ay. Thus the relay 
recognizes that, when it drops out, the slip fre(juencv lau dropped 



Fjo, 301 Unmiit flirnugli coil of FR prior to synchronizing. 

to a sufficiently low value to ])ermit closing of the fu'ld contactor. 
With the rectifier connect(‘d a'> shown, negative* half cycle's of (‘urre'nt 
pass through the' re'lay e*e»il. 'fhere'tore', elreip-eiut anel fielel apjilieation 
occur while the voltage* induce'd in the' fie-ld wineling is in a positive di- 
rectiein. As a ie*sult, as e'xphiine'el in Chapte r 3, fie'lel applie*atiem eic- 
curs at a faveirable angle*, jirovieled the timing of re'lay FR is ad- 
jiisteel correctly sei that fie'lel applicatiem takes plae'e at a disjilacement 
angle beyeinei ISO elegre’e's. 

The cemtreil se'epie'iie'e eif fie'lel ap|)licatie)n is as feillows. When line 
contactor M cleises, re'lay FR is e’liergizeel anel eipens its e'eintae't 10-12. 
Through inte-rleK-k 7-S eai ^f, re*lay 2TR i*-: e'ue'rgize'ei, anel it close's its 
cemtact S-11 and e)])e*ns its e'eaitact 11-10 instantanc'ously. The coil 
of relay 17Tf is energize-el threnigh 2TR cemtact 8-11. H(*lay \TR 
closes its cemtact 8-11 anel eipe-ns its ce)ntact 8-17 instantaiieemsly, 
thus sealing in ^TR and de-energizing the coil eif 2TR, After a time 
delay, contact 8-11 ein 2TR e)pens, and contact 11-10 closes. As the 
mote)r accelerati's to minimum slip, relay FR drops out, closes its 
contact 10-12, anel causes cemtact or F te) (*le)se'. The field is tlien con¬ 
nected to the d-c se)urce. anel the* discharge* resiste)r is disce)nnccted. 
Normally closed interlex'ks 11-15 anel 17 -10 e>n F ope*n anel disconnect 
\TR anel 2TR relay ce)ils. \TR elre>ps emi v ith a tinu* eielay anel opens 
its contae't S-1 . ]Ie)we ve*r, whe*n the me^teir pulls in synchronism, re- 
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lay PFR closes its contact 8-9 and establishes a holding circuit for 
contactor F. 

Field Removal under Overload 

If a sudden overload is applied to the motor, which exceeds its pull¬ 
out torque, the motor falls out of step. If field excitation is kept on 
the motor, it stalls, drawing a heavy armature current, and it is unable 
to resynchronize, even if the overload disappears. However, if field 



Fuj. 305, of o\(il<>.M<l on iorqiK' ainl power f.u’tor of ^vndironoiis motor 

excitation is removed after the j)uIl-out occurs, the motor ojna’ates 
as an induction motor, and if the overload disappears, it accelerates 
again to minimum slip and resynclironizes. 

Tlie power factor of the armature current can he used to initiate 
field removal upon pull-out. AVhat haj)}>ens to the ])ower factor 
when an overload is applied to the motor is illustrated in Fig. 305. 
As long as the motor develops its normal tonpie, the ])ower factor is 
high. When the overload is applied and the motor torque increases, 
the power factor decreases, at first slowly, but when pull-out occurs, 
it decreases rapidly. 

Power factor relay PFR n*sponds to the phase angle of the motor 
armature current. This relay is similar in construction to the pliasc 
failure relay shown in Fig. 130. Its magnet has a set of current and 
potential coils, and the tonpie exerted on the vane-shaped armature 
is a function of the magnitude as well as the phase angle of the cur¬ 
rent. A lever arm and weights, attached to the armature, i)ermit ad¬ 
justing the point at which the relay opens its contact. 



PROTECTION OF SQITIRREL CAGE WINDING 


477 


With Oio motor operating in synchronism, ami th<‘ pt»wer factor 
being liigli, tlie contact of PFR stays c!os(‘(l, even though the arma- 
tiin* <‘urn‘nt may vary over a wide range. When the motor pulls 
out of stej), wliich means that the ournait is high and the power 
factor is low, PFR ojnms its contact and drojis out contactor F, which 
disconnects the field from the d-c source and reconnects the field 
to the (iischarge resistor. Relay 2TR coil is energized and relay FR 
opens its contact Wh(‘n the overload disaj)pears again, tlic motor 
reaccelerates to minimum slip, and field is applied again through the 
same relay se(iuencc as d(‘scribed above for a start from rest. 

Protection of Squirrel Cage Winding 

While the motor operatt's in synchronism, and at a coi'stant load 
angle*, no voltage is induced in the* sepiirn*! cage winding, no current 
flows in it, and no heating takes place. Howeve i. during operation 
out of synchronism, an a-c current of slip fr(*i}\ ency flows in the 
s(iuin<‘I cage* winding, which (‘a’is<*s h(*ating. Since the* sejuirrel cage 
wiialing i> d<*sigiH‘(l for starting duty only, its h(‘ating capacity is 
limited, and it bears no r(*lation to the bcahng (‘upacity of tin* arma- 
tiin winding. If ])rolongi‘(l operation out of synebronism oce'urs, 
eitluT (luring a start against an overload or aft(*r a ])nll-out. the 
s(juirr(‘l cage winding is liki‘ly to heat much fast(*r than the* arma¬ 
ture winding. (ien<*rally, tlie th<*rmal overload relay, w!ii(*h is sclcct(*d 
to iiroteet the armatun* winding, does not afford ])!*oti‘etion to the 
s(iuirrel eag<* winding. 

S(|uirrel cage protective n‘lay Sr/f is used to ju’otect the squirrel 
cage winding. It is a thermal overload r(*lay, having a resistance 
type heater eU'iiient. It may lx* (*ither a s(*j)arrate r(‘lay or a third (‘le- 
ment of overload relay (>J., Tlu* heater of relay S( l{ is connected in 
sei’ies w’ith tlie discharge resistor. During op(‘ration out of syn¬ 
chronism, current flows through tlie h<*atcr, the fn*(iu<‘ncy of which 
is (‘cpial to slip frccpK'ncy and the magnitude* of whieli is ])r()portional 
to sli]) frcciucncy. In parallel \vith the h(*atcr of HFR there is con¬ 
nected a small reactor w’hich has the following j)urposc. The* voltage 
induc(*d in tla* .‘-quirrcl cage winding is proportional to slij) fre(iu(‘ncy, 
and the current flow’ing is determined by the imi)edance of the wind¬ 
ing, which is composed of resistance and reactance. Reactance 
changes with fre(]U(*ncy. The reactance of the r(*aetor is chosen so 
that the ratio of its reactance to the eombined resistance of the 
F>CR heater and the reactor winding is the same as the ratio betw'een 
reactance and resistance of the s(piirrel (*age winding. At any slip 
fr(*(iuency, tlx* h(‘ating of SPR relay due to the PR losses in its heater 
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is a replica of fho heating of the squirrel cage winding due to its PR 
losses. 'Thus nday S('R can be so selected that it trips before the 
squirrel cage* re‘ach('S an (*xcessive t(*inj)erature. 

Field Application by Current-Time Relay 

While the field apj)Iicution me'thod just described depends on 
clianges occurring in the* rotor circuit during the starting cycle, the 
current-time nic‘thod of synchronization makes use of the change in 
stator current whicli occurs while the motor accelerates to mininiuin 
slip. Figure 30() is an elem(‘ntary diagram of a com})lete controller, 
and field r(‘lay FR, vvliicli governs the closing of field contactor F, is 
shown in a schematic manner in the lower left-liand corner. This re¬ 
lay has two plungers and an armature, which is constructed like a 
walking b(*am and is not restrained by any springs. The plungers 
arc energized by thn'e coils. Two of the coils, OSP and LO, are ener¬ 
gized by tlu* motor armature current through a current transformer. 
The third winding CL is a shunt winding, energized from the control 
source* and wound so tliat its eiction op[)oses that of coil LO, Relay 
contacts a and b are oi)(‘ned and closed by tlu* walking beam armature. 
In conjunction with r(‘lay FR is used a timing relay TR, which is of 
the magnetic tinu* delay drop-out tyi)e. A capacitor and high ohm 
resistor A determine tlu* time delay. Low ohm resistor B effects ra})id 
charging of the capacitor. This relay has three sej)arate armatures, 
each carrying a contact (a, b, r) so that the timing of each contact 
can be adjusted individually. 

Wlu‘n the start button is ])rc*ssed, relay K'R closes, seals itself in, 
and energizes line* contactor M. Tlu* starting inrush current of the 
motor flows through coils LO and OSP of n'lay FR. Coil LO pulls 
down the right-hand i)lunger and coil OSP pulls up the left-hand 
])lunger so that relay contacts FR{a) close and contact FRib) oi)ens. 
After a slight time delay, the interlocks on contactor M close. Relay 
TR is energized, oj)ens contact 77f (a), ami closes contacts TR{b) and 
TRic). Coil CL of relay FR is then energized, and its pull opposes 
that of coil LO\ but with a high starting current flowing, the right- 
hand plunger docs not change its })osition. C\)il OSP of FR is short- 
circuit(*d. The left-hand ])lunger drops down, but the walking beam 
armature stays in its previous position, that is, contact FRia) stays 
closed and contact FR{b) stays open. With increasing motor speed 
the current through LO coil decreases, and when the motor current 
has dropped to approximately 175 per cent of normal current, the pull 
of coil CL overcomes the. pull of coil LO. The right-hand plunger of 
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relay FR is pulled up, contacts FR(a) open, and contact FR(b) 
closes. 

The coil of relay TR is de-energized and starts timing, as the coil 
current discharges througii the capacitor and resistor A. The relay 



Fic;. 306. Syn(*hronon‘< motor «tartc'r with nirront-fimo ht hl Jip]>li(*ati()n. M. 
Line contactor. F. Fiol<l contactor. FH. FichJ relay. TH. Definite time n’lay. 
TS. Thermal relay. OL. Ovciload n'lay. 1(7^. Control relay. (Courtesy Cutler- 

Hammer, Inc.) 

armatures drop out in time s(‘(juence, and contact TKia) closes first, 
causing contactor F to clo^c and apply field excitjition. Aft(‘r a further 
time delay, so adjusted tliat the synchronizing current surge in the 
motor armature has decayed, contacts TR < b) and TRir) open. Relay 
FR is tlien in tlu* following condition. Coil CL is de-energized, coil 





FIELD APPLICATION BY SLIP CYCLE IMPEDANCE RELAY 481 


LO is short-circuit t*(i by an interlock on F. an<l tlu' rij^ht-haml }>lunjj;er 
drops. OSP coil is reinserted, hut, with nornnil motor current fU)winp:, 
its j>ull is insufficient to lift the left-hand j)lunj:(‘r, ami relay contacts 
stay as they were, that is, FRia) open and FlUb) elose<l, thus com- 
pletinj? tilt* synchronizing control stHjuence. 

When the motor pulls out of synchronism on account of an overload, 
the resultant inert'ase in armature current causes OSI^ coil of relay 
FR to lift tlj<‘ left-hand plunger, so that contact FR\a) (doses and 
contact FR{h) opens, Contactor F drops out, r(‘mt»V(‘s field excita¬ 
tion, and the motor operat(‘s as a scjuirrel cag(‘ induction nu/ti»i. The 
condition of th(' control circuits is the same as for a <tait iiom rest. 
If the overload is removed and the motor rem celiM ates, the synchro¬ 
nizing si‘(pien(‘e (Ii*scril)ed above is n'peated, and t)u‘ mote / is ri'syn- 
chronized. To avoid ov(‘rheating of the srpiirrel cage winding, riday 
TS is providi'd. It is a thermal overload nday, tlu' l!(‘ating < hantait of 
which is comuH'ted across the control xiuna* through resistor as 
long as contactor F is (lropp(‘<i (miI, that is, as long as tin* motor op(*r- 
at(‘s out of synchronism. It'^ tripping time is st‘lt‘cted so tliat it is ex¬ 
pected to ()p(‘n its contact and drop out M b(‘fore the sipiirn*! (*agi‘ 
wiiKling attains a dangerousiy high t(‘mp(‘rature. 

Figure 307 is a view of an opiai tyjH* synchronous motor controller 
with current-tinK‘ synchronization. In the top row of device's an' liiu' 
and fi(‘ld umnu'ters and betwec'ii tlu'in a box containing n'lays FH 
and TR, B(‘low on the top base an* ('ontrol fust's, fit'ld rlu'ostat 
handle, and thermal relays 7\S' and OL. Tht' Ix'll-shapt'd device's be¬ 
low the meters are capacitors us«*d with relay TR. Tin* lower iiast* 
contains control relay \('R, field contactor F, and lint* ctuitactor M. 

Field Application by Slip Cycle Impedance Relay 

In Fig. 94 is indicated how tlu* armaturt* currt'nt of a synchronous 
motor varies during the starting period. While tin* motor opt'rates 
out of synciironism, tlu* currt'iit undergoes a pt'riodic variation at slip 
frequency, both in magnitude and in filiast* angh*. Thus during a slif) 
cycle the motor impt'dance varies on account of saliency. A relay 
which would respond to the* periodic change in motor imj)edanc<* 
could determine the angular jiosition of tlu* rotor poles with respect 
to the stator flux poles during a slif) cych* and caust* field excitation 
to be ap|)lied at a favoral)li' angle, as illustratc'd in Fig. 90. 

Figure 308 shows a slip cycle imfx'dance relay used to control 
application of field excitation. The upp(‘r figure is a vi('w of the r(*lay, 
with cover removed, whereas tlu* low(‘r one is an ('lenu'utary diagram 
of its internal connections. The relay is bast'd on tlu* induction f)rin- 
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FifJ. 308. Slip cy<*U' iiiiprduntT rolay. A. Vh'w of rolay with cover removed. 
li. Internal relay eonnoction.s. 
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ciple, in fact, it it? a miniature split-phase single-phase motor. It con¬ 
sists of a shaft upon which is mounted a cup-shaped aluminum rotor 
operating in the air gap of a magnetic structure which carries the 
operating coils. A set of movable contact tips mounted on an arm 
attached to the sliaft operates between two 'dationary tips mounted 
on the molded frame. The relay element, together with auxiliary 
resistors and ca])a(‘itors, is mounted on a molded base. The mag¬ 
netic structure has eight laminated poles projecting inward and ar¬ 
ranged symmetrically around a central magnetic core tixed \o the 
frame. Two separate sits of potential coils and one sc*t of <*urrent 
coils are ass<'nil)le<l on tlie poles. In the angular air gap beiwcen the 
poles and the central core, the cylindrical peat ion of the cup-shaped 
rotor turns freely. 

The relay coils ar(‘ arranged in three groups, ]’>otential coils A and 
B and current coils (\ Tlie interaction of coils A and />’ produces a 
tonjue in the direction to close rday contact a and to open contact b. 
The interaction of coils A and C produces a loniue in the direction 
to open contact a and to close contact b. (''ontact a, when closed, 
energizes the device applying field excitation. The relay is used for 
a dual purpos(‘, to a[)ply fii*ld during starting and to remove field 
upon pull-out. As th(‘ relay characteristic has to be different for the 
two purposes, contacts on the field api)lication device switch external 
resistors in series with coils A an<l B. Before field is a[)i)lied, resistor 
E is short-circuited, and resistor F and cajiacitor // are in tin* circuit. 

Consider fust relay ])erfornianc(* during starting. Th(‘ j)haHe rela¬ 
tion between curri'iit and potential, togetlx'r witli the magnitudes of 
current and ])otential, <leteriiiine wh(*ther fndd-apjilying relay contact 
a is open or closed. Tlie current carried by })otential coils A and B 
is proportional to line voltage, and ca])acitor (t in series with coils B 
causes the curr(*nt flowing in coils A and B to be out of phase. Thus 
torque is produced by thi* interaction b<‘t\\(‘en A and B coils. Current 
coils C carry a currcait proportional to flu* curnait drawn by the motor 
from the line. The torcpie resulting from the interaction between A 
and C coils depends on the phase angle of the motor current. Thus 
the re.sultant tonjue acting on the movable element of the relay is a 
function of the impedaiuM' of the motor to which it is connected. 

A slip cycle on the motor r(‘presents two pol(‘ pitches, and twice 
during each slip cycle th(‘ reluctance of tlu* magnetic circuit between 
motor stator and rotor chang(‘s at any |)oint due to the passage of a 
pair of salient poles. As synchronou.'' speed is ap])roached (slip fre¬ 
quency decreasing), th(‘ n‘sultant torque acting on th(‘ relay shaft 
undergoes a succession of reversals, the frecjnency of which depends 
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on the slip of the rotor. These reversals alternately open and close 
relay contact a. As acceleration continues, contact a remains closed 
for longer and longer intervals of time. When this time interval in¬ 
creases to a predetermined value (which can be measured by a timing 
relay), field excitation is applied at the desired slip frequency. The 
time interval during which the contact-closing tonjue predominates 
over Uk' contact-op(‘ning torfjue can b(‘ varied by the adjusting rheo¬ 
stat, which determines the current flowing through B coils. Turning 
the rheostat in the “raise” direction reduces the tonpie produced by 
A and B coils, aiid as a result field ai)plication occurs at a higher 
spec'd or at a lower slij). (dosing the field circuit when relay contact a 
closes means that field is a])jdied during a time interval during which 
the motor im[)edanc(‘ is high, that is, the* flux linkages between rotor 
and stator poles are high. As explain(‘d in (diai)ter 3, high flux link- 
ag(‘s determine a region of favorable angle at which to aj)ply field. 

Aft(‘r field excitation has t)een ai)j)hed and the motor operates in 
synchronism, contacts on tin* fi(‘ld ai)plieation device recalibrate the 
relay. Resistor F and ca])aeitor // are short-circuited, thus increas¬ 
ing the current through A coils. R(*sistor Fj is inserted in series with 
B coils. As long as the motor stays iti synchronism, the resultant 
relay toniuc* ke(‘ps contact a closed. Wh(*n the motor pulls out of step, 
the imp(‘dance of the motor stator cir<*uit changes abruptly and the 
resultant torriue actirig on th(‘ relay contacts reverses, causing con¬ 
tact a to ojx'ri and field (‘xcitation to be removed. 

Figure 309 is a coinplet(' elenu'utary diagram of a synchronous 
motor starter using a slij) cycle impedance relay for field application, 
l^ressing the start push button energizes control relay (^K and line 
contactor M. While the motor accelerat(‘S as an induction motor, 
the contacts of fi<‘ld relay FR alternately open and close once each 
slip cycle. In conjunction witli relay FR tliere is used a timing relay 
TRy which is of tlu' magiudic time droj)-()ut tyjH\ as shown in Fig. 
lOS. As long as contact a of relay FR is closed, a rectified half-wave 
d-c current flows through TR coil and capacitor in parallel and 
in series with resistor 2R. Thus a charge is built up on the capacitor, 
and flux is built up in the magnet of relay TR. When contact a of 
FR opens and contact b closes, the capacitor discharges through re¬ 
sistor 1/^, iind both the capacitor charge anti the flux of relay TR 
dt'cay. The amount of build-u[> and decay rej)resents a measure 
of the time during which FR relay contacts are open and closed or, 
in other words, a measure of the slij) fretpiency. 

When contact a of FR remains closed for a sufficient period of 
time so that the voltage acn)ss IC and the flux of TR build up to a 
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sufficiently high value to cause TR to close, tlie discharge path for 
capacitor 1C through 1/2 is interrupted, and TR, being fed current 
from ir, stays closed during the next partial slip cycle while contact 
a is open. Then, wlicn FR contact a closes the next time, field Ci)n- 



Fkj. 309. Synclironons motor starter wifli ‘'lip cvrlr im]“‘fiance relay for field 
ai>j)Ii(Mfion. d/. Line confactor. F. Field contactor. AVi*. I'lcld reday. OL/Si'H 
Overload and ‘^(juirrel <a^e ]»rotfM'ti\relay. TU. Detimli' time* relay. C/L 

('ontrol lelav. 


tactor F is energized, and field is applied. An int(‘rl()ck on F opens 
the rectifier circuit to TU coil, hut that r(‘lay drops out with a time 
delay and thus mairitain.s a sealing circuit for F until any synchro¬ 
nizing current transient, which would caus(‘ FH contact a to open, has 
disappeared. Another interlock on F clroji.s out relay f’/f, which re¬ 
calibrates relay FR so that the circuit is j)r(‘purcd for removing field 
in case of a pull-out. 

If a pull-out occurs, contact a on FR op(*ns, F drops out, and (*R 
picks up. Tlie synchronizing control sccpicncc is r(*i)eated as described 
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above, and the motor n^synehronizes when tlie load drops siifiBciently 
to permit reaeeeleration to ininimiuu slip. Diiring operation out of 
synehronism, tlie scpiirrel eajre is protected by relay which is a 

tliird |)ole on thermal overload relay OL, If th(‘ field excitation is 
supplied by an individual exciter, driven by the synchronous motor, 
extra contacts on ( R cun be used to short-circuit the exciter field 
rheostat, which boosts the ('xciter voltaji;!' durinjt synchronization. 
On standard litn‘ starters it is customary to arrange the control cir¬ 
cuits in such a way that, by shiftinj^ jumpers on the conti\)l terminal 
board, a choice is lia<l between automatic resynchronizing Oi* shut¬ 
down in case of a pull-out. If the latter alternative is chosen, the 
motor is restartI'd from r(*st by pr(*ssing the s^art push button. 

An open type full-voltage <tarter for a low-voltage synchronous 
motor is shown in Fig. '^10. Tlie top base contains line ammeter, 
field ammeter, fi(‘l(l rliei'stat, overload relay, and a field application 
unit, the cover of \Nliich is reni(>ved. Tliis unit aujiriscs (from left 
to right) relays ( R, FR, and 77f, together with r(‘ctiiic‘r, capacitor, 
and resistors. It is a standardizc'd subasscanbly which can be used 
on any tyjie of low-voltage or high-voltage starter, no matter what 
special details the stator control may involv(‘ and what size field con¬ 
tactor may bi* r(‘(juire<l. On the low(‘r bas(‘ are mount(‘d the field 
and lin(‘ contactors, llu‘ size of which is goverm‘d by tin* motor 
rating. 

Special synchronous motor a}»plications may r(‘(|uire jdugging or 
dynamic braking to bring the motor to a (piick stop. N(T(‘ssary 
contactors for reversing the armature or for coniu'cting it to a dynamic 
braking resistor are then ad<led to th<* controlh'r. The fi(‘l(i appli¬ 
cation control, however, is not affected, i‘xcept that field excitation 
is removed when the motor is pluggccl. 
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CHAPTER 18 


DIRECT-CURRENT INTERMITTENT-DUTY CONTROLLERS 

On intermittent-duty drives the motors are not called upon to de¬ 
liver their rated load continuously. They are started and stopped 
frequently. Motors for such service are applied according to their 
15-minute, 30-minute, or 60-minute rating, dei)ending on the severity 
of the service. Maximum tonjue and maximum starting torcpie 
which the motor is able to deliver and the ability to withstand high 
current ])eak8, rather than heating under continuous load, are the 
basis on which motors are selected. Fast acceleration is an important 
requirement; thus high torcpie available for a high rate of accelera¬ 
tion makes series motors the ])n‘ferred type for intermittent drives. 
For some applications comi)ound motors are i)referred, but shunt 
motors are seldom used. Therefore, controllers for series motors form 
the major subject of this chapter. 

The most important cat(*gories of intermittent-duty drives are steel 
mill auxiliaries, cranes, and hoists. Controllers are manually oper¬ 
ated by pilot devices, mostly master switches. The operator must bc‘ 
able to start and stop the motor and to vary its rate of acceleration 
and deceleration and its steady state speetl at will. A complete con¬ 
troller consists of magnetic control j)anel, resistor, master switch, 
and limit switches, if recpiired. 

TABLE 26 

Contactor Hating for 230-Volt 1)-C Intermittent-Duty Controllers 


S-Hour 

Mill or 

Mill or 



Contactor 

( Wane 

Crane 

Minimum Number of 

Rating 

Rating 

Rating in 

Accelerating Contactors * 

in Amperes 

in Amperes 

Horsepower 

Mill 

Crane 

100 

133 

35 

2 

3 

150 

200 

55 

2 

3 

300 

400 

110 

2 

3 

600 

800 

225 

2or3 t 

4 

900 

1200 

330 

3 

4 

1350 

1800 

500 

3 

4 
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* Exclusive of plugging contactor, 
t As specified by user. 



CAB^PERATED CRANES 


4S8 

NEMA has standardized the motor sizes with which various con¬ 
tactors are to be used (see Table 26). The mill or crane rating of 
contactors is one third higher than their standard 8-hour rating. 
No contactors ha^dng an 8-hour rating of less than 100 ampere shall 
be used. Accelerating contactors arc of the same size as line con¬ 
tactors and are equipf)ed with blowouts, if Ihey may he opened and 
closed under load at the will of (he operator. The minimum number 
of accelerating contactors which may he used is sj)ccificd by NEMA 
standards. On reversing plugging controllers, tlic i)lugging contactor 
is in addition to the accelerating contactors listed in tlie tabic 

Steel Mill Auxiliaries 

NEMA defines st(‘el mill auxiliaries as machines \ised Tireetlv in 
the ])roc(‘s^illg of steci, such as screwdowns and manipulators, but 
not cranes and main rolling drives. Standanl indl auxiliary con- 
troli(‘rs include, m addition to devices re(iuiri‘d ( > obtain a specific 
motor performanci*: 

I)<Mible j)ole main line Knib* switch with lockout device. 

T)ouhlc-p()l(' fus(*d control circuit switch. 

Two automati(‘ reset overload r(‘lays. 

Undervoltag<' relay, 

NegatiA'e line contactor. 

No standard has h(‘(‘n (‘stahli^lied conc<‘rning the typ(* of overload 
relays used for intermittent-duty controllt‘rs. IVoti'C’tion is n‘(juir(‘d 
against exci'ssive tor<iue and current jaaiks and against short cir¬ 
cuits. Some users prefer instantaneous overload relays; others prefer 
inverse time’ or combination inverse time and instantaneous relays. 

In place of fused control circuit switches, some iis(ts substitute 
small air circuit hri'akers to jirotect the control circuits. 

Many steel mill auxiliaries are eciuipped witli adjust aide-voltage* 
control, and the amplieiyne lias found many applications in this field. 
See (diapter 13 for amplidyiie control circuits. 

Cab-Operated Cranes ‘ 

Two basic types of controllers are used on cranes. One type is used 
for propelling motions of trolleys and bridges on traveling cranes, 
or the slewing motion on rotating cranes. For these drives the con¬ 
troller is required to start and accelerate the motor in both direc¬ 
tions of travel, and to control the rate of acceleration and the speed 
of travel. During deceleration preparatory to stopping, the kinetic 
energy of the* moving masses must be absorbed. M(*chanical braking 
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and friction are not sufficient to obtain quick and smooth stopping, 
and a good travel motion controller must provide moans to absorb 
electrically the kinetic energy which tends to overhaul the motor. 

The second type of controllers pertains to hoists. During hoisting, 
the motor must be started, accelerated, and stopped while delivering 
power to the load. During lowering, the load overhauls the motor 

under the influence of gravity, and the 
motor must deliver a torque opposing the 
load torque. However, with an empty hook, 
a driving torque is needed to lower the 
hook. Occasionally, on small cranes, a 
mechanical load brake is used which ab¬ 
sorbs the kinetic energy of the overhaul¬ 
ing load by friction. The great majority 
of crane hoist controllers utilizes some form 
of dynamic braking circuit, dissipating tli(‘ 
kinetic energy of the load in resistors, or 
]nimping it back into the line. 

NEMA has established certain recom¬ 
mended practices adhered to by manii- 
faciurers offering standard crane controllers. They ai)ply to all 
motions generally. 

1. A double pole line switch with lock-out is provided on each 
control panel, or on a j)rotective panel. This switch has a con¬ 
tinuous rating of not less than the 8-hour rating of the con¬ 
tactors used. 

2. Undervoltage and overload protection must be provided, either 
on the individual control panel or on a protective panel. 

3. Terminal lugs for outgoing power cables are selected to accom¬ 
modate a cable having a carrying capacity of 125 per cent of the 
8-hour rating of the contactors or switches used. 

4. Bridge and trolley controllers include at least three hand-con- 
trolled sj)eed })oints, and hoist controllers at least five hand- 
controlled speed points in each direction of operation. 

Direction of master switch throw is also standardized. Pushing 
the handle away from the operator obtains lowering or forward 
travel. Pulling the handle toward the ojierator obtains hoisting or 
reverse travel, as shown in Fig. 311. Standard master switch rota¬ 
tion is such that, viewing the master switch from the handle end, 
counterclockwise handle rotation obtains lowering or forward travel, 
clockwise handle rotation obtains hoisting or reverse travel. When 



Fhj. 311. Standjird throw 
of cTJino nui.s(or bwitchrs. 
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designing a controller, it is iiM|H)rtant to ohserve correct master 
switch handle throw when the contact closing stninence is not sym¬ 
metrical in both directions, which is true of all dynamic braking 
lioist controllers. Conditions at individual installations may re¬ 
quire a deviation from the standanl switch n)tation. Such condi¬ 
tions should be specifically stated by pur(‘hasers of crane controllers 
as manufacturers, unh*ss instructeil otherwise, supply muster switches 
with standard handle thniw. 

Crane Protective Panels 

On many cranes, especially traveling shop craiu's, there is not suffi¬ 
cient room in the crane cab to accommodate th(‘ control paiuds, which 
are then mounted overhead <ni the bridge girder. Thus the jvimds 
are not within easy reach of the ojicrator, and he has to climb stairs 
or a ladder to open line switches on tiu' control panels. In 'nieh eases 
it is customary to omit line switches and protective relays from 
the individual control jianels and to install in the cab a wall-mounted 
protective panel, providing m(‘ans to disconncHt jiowct from all mo¬ 
tors. and ovc'rloacl and undcTVoltage protection. 

The eciuijnnent, rec'omnu'nded hy NEMA for d-c crane protective 
panels, is: 

One double-pole knife switch with loc*kout. 

Two singlc*-])c)l(* contactors to open both sides of the* linen 

One set of setf-reset overload relays, one coil for enieti motor in 
the positive side, and one coil in tin* common negative* line* to all 
motors. 

Two pilot light receptacles and fuse*s. 

Two control circuit fuses. 


IWBT.E 27 

Standard OiNTArroR TLvriNiJs f«)H D-C’ Oranf PRcrrK(''rrvK Panki^ 
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One momentary contact reset-stop push button station, mounted 
separately from the panel. 


UNES light 


PILOT 

UGKTS 


RESISTOR USED 
ABOVE 230 VOLTS 
ONLY 


l| 20lT 30LM 


POSITIVE FEED TO 
INDIVIDUAL MOTOR 
CONTROL RMCLS 

CONTROL 

Ufuse 



COMMON NEGATIVE FEED 
TO ALL MOTOR CONTROL 
PANELS 


CONTROL 

FUSE 


OFF POSITION RESET CONTACTS 
ON MASTER SWITCHES 

• l #2 #3 #4^^ ^^NOL 20L 40L 

' ' lOL 30L 

1 

IM 2M 


IM 


IM 


2M 


CONTROL FEED TO ALL 
MOTOR CONTROL PANELS 


Fio. 312. Connections of d-c crane protective panel. \M, 2M. Line contactors. 
lOL, 20L, 30Ly 40L. Positive line overload relays. NOL. Negative line over¬ 
load relay. 


The size of line contactors used on protective panels is governed 
by the following considerations: 

1. The 8-lu)ur rating shall be not less than 50 per cent of the com¬ 
bined intermittent current rating of all motors, or less than 75 
per cent of the sum of the intermittent-current ratings of the 
motors required for any single crane motion. 


CRANE PROTECTIVE PANEIi^ 


m 


2. In no case shall the line contactors of the protective panel be 
of a smaller rating than the largest contactor used on any of tlie 
controllers protected thereby. 

The continuous rating of the line switch is not less than the 8-hoiir 
rating of the line contactors. Standard contactor ratings for 230- 
volt api)lications arc listed in Table 27. 



Fig. 313. D-c crane prot('etive panel witli front rover. 

Shown in Fig. 312 is the elementary diagram of a typical protective 
panel ff)r four motors. Two pilot lights arc connected across the 
incoming line to indicate that power is available. On 230-voIt 
panels, two standard llS-volt lamps are used in scries. On higher 
voltages, a resistor is connected in series with the lamps. Off posi¬ 
tion reset contacts of the master switches arc connected in series 
with the reset pu^h button. Before the line contactors can be closed, 
all master switches must be turned to the neutral position, thus 
opening tlie power circuits to the individual motors. The line con- 
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tactors are sequenced, IM closing first and then 2M, Thus 13/ 
does not close under power, which minimizes the danger of both 
line contactors welding closed in case a short circuit exists on the 
system. Control lines arc connected to the individual control panels 
ahead of the line contactors so that the control sequence of each con¬ 
trol panel can be tested with the power circuit open. 

Protective panels may be either open or enclosed. Overload relays 
may be instantaneous or inverse time. Figure 313 is a view of a 
typical four-motor prote(‘tive panel with enclosing cover over the 
front, guarding the operator against accidental contact with live 
parts. The line switch can be operated from the outside. A bull’s- 
eye in one front door serves to observe the pilot lights. The in- 
stfintaneous ov(*rload n’lays are of the double-coil tyi)e, two relays 
])rotecting the four jK)sitive motor lines and a third relay with one 
dummy coil i)rotecting the common negative line. 

Bridge and Trolley Controllers - 

Bridge and trolley controllers an* of the reversing type, usually 
with plugging protection for quick stop])ing and rapid reversing. 
Series hrak(‘s are sometimes used which r(‘lease on a motor current 
of 40 per cent of normal. As the inductance of series brake coils is 
low, the brakes release and set promptly whenever the motors are 
energized or de-energized, j)ermitting accurate jogging or sjmtting. 
On very large trolleys, for instance, of ore and coal bridges, shunt 
wound brakes must he used for two reasons. First, with the large* 
motor sizes wliich arc often encountered, brake sizes exceed the 
largest type of series brakes available. Second, motor sizes are 
determined by torepie and rate of acceleration, and i)owcr consumed 
during free runnjng on these applications may be so low that series 
brakes are liable to set. Some trolleys are equipjied with jiarking 
brakes only which are set when the crane is shut down and are held 
released while the crane is in operation. 

NEMA Standards prescribe the minimum equipment which a 
single-motor trolley or bridge control panel should contain: 

One double-pole line switch with [novision for locking in the open 
position. 

One double-i)ole control switc^ii and fuses. 

Two automatically reset overload relays, one for each side of the 
line. 

One undervoltage relay. 

One negative line contactor. 
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Ono sot of n*vorsinp; contactors, oontaininj^ a tola! of four normally 
open polos, nurhanically intorlockod. 

One j)luji;gin^ (*ont:ictor with inoan> to prevent antoinatically clos¬ 
ing; of the contactor unless the motor speed is approximately 
zero. 

One set of acceleratinp; contactors, the nuinhor of wliich is Rovernc<l 
by Table 20, with automatic timin^: means for each cimtactor. 

If the j)anel is us(‘d in c(Hijunction with a pr('»tt‘(‘tivt‘ ])a)H‘l, the lint* 
switch, tlie ovtTload relays, ami the umlervolla^e nday ait* omitted 

Fipire 814 is an tdtanentary diagram of a rt*V(‘rsin^, phietrin^ con- 
trolh*!' with live manually ctJiitrolletl spet'd piunts, obtaim*d by a 
five-position master switch. The principal (‘onirol circuits are the 
^ame as describt‘d jirt'viously in ('hapter 11, and reference is liad to 
Fi^. 240 and the accompaininji; detailed d(‘scription of contactor 
setpience. lnclu(l(‘d in Fi^‘. 811 a contactor seoutaice table, indi¬ 
cating by .r marks the contactors which are (‘los(‘d on tiu* various 
master switch positions. AKo included is a r(*lay setting table, 
giving relay adjustments whicli experiema* has shown to bt* correct 
for average applications. Further adjustimad may be* re<piir(‘d in 
S[)ecial cases. 

The controllei' ju-ovides the following opi'rating haitures: 

1. In (‘ase of overloa<l or loss of voltage, all (*ontactors drop out 
and the brake .s(‘ts. 

2. \\'hen the overload relays re-t*! or voltage r(‘ai)pears, tlie master 
switcii must be returned to the otV |)osition, r(*setting relay f 'F, 
betore the motor can be* started again. 

8. Acceleration is controlled by (hdiniti* time (lroj>-out acc(4erating 
rc'Iays which control accelia-ating contactor closing in dtdinite 
time se(pience. 

4. During plugging, contactor P i.s iield optai, until the motor has 
deceleratc'd practically to zero sp(*ed, by plugging r(‘hiys PP' and 
PP. Resistor A in series with tlu* plugging r(*lay coils r(‘duceH 
the efft*ct of variations in line voltage on the* motor sp(*ed at 
which the r(*lays close. 

Trolley control jmnels are usually mounted on the bridge, and 
trolley wires are rcfpiired between the control pane*! and tin* motor. 
The diagram indicates the circuits which have to b(* carri(*d through 
trolley wires if the motor and the panel are mounted on parts of the 
crane which move relative to each other. If limit switches are used 
to stop movement automatically at the ends of travel, the limit switch 
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oontactH arc wired that they drop out the directional and accelerat¬ 
ing contactors. Backing out of the limit is possible by turning the 
mas((*r switcli in the opposite direction. To facilitate testing of 
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motor current consumption at the installation, a shunt in the motor 
power circuit may be included as an optional item. 

Speed-tonpie curves obtained with a controller as described are 
plotted in Fig. 315. Performance curves obtained on forward master 
swutch positions are designed by letter F and those obtained on re¬ 
verse master switch positions by letter R. Tw'o curves are showm 
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for the first master switch position, one for sleeve-hearing cranes and 
one for roller-bearing cranes. The difference between the two curves 
is due to a different amount of resistance provided in the plugging 
resistor section For sleeve-bearing cranes the resistor is de¬ 

signed so that the starting tonjiu* on the first master switch position 
is ajijiroximately oiu half of motor full-load toixjue. Because of 
the friction in the bearings, the free running motor speed docs not 



.'UT). S])cc(l-foHjiK’ ciuM's of a r(‘\(’rMnK i)JuK^mK crano (ravel (•on(roll{*r. 

ris(* niat(‘rially above* full-loa<l s|)eed, and the initial j)lngging tonpie 
is between l.U and 1.2o motor full-load torepa*. \Vh(‘n cranes are* 
eeinijipe'd with rolle*r be*arings, friction is conside-rably le)we‘r, and the* 
fre*e‘-running si)e*(*d may rise* to approxiinate‘ly l.ti of normal spe*(*e]. 
The re'sistor lay-out as used fe)r sle*e*ve‘-bearing crane*s weiuld the*n 
result in too high a jdugging teirejue, and aelelitional re*sistance is used 
in resisteir sectiem which r(‘due*e‘s the* starting tonpie* e)n the; 

first master switch position te) less than O.^t. With such a resistor lay¬ 
out, the* plugging tonpie at a sjiee'el eif l.ti is reduced te) aiijiroximately 
full-Ioael teinpje*. 

As far as the*rmal cajiacjty is concerned, re*siste)rs feir stanelanl- 
duty cranes, for instance, ge*ne*ral-purpose shop cran(*s, are designed to 
meet NKMA class 132, Fe)r heavy-duty cranes, such as fre‘(piently 




40$ DIRECT-CURRENT INTERMITTENT-DUTY CONTROLLERS 

operated steel mill cranes, resistor classification 162 is used. Occa¬ 
sionally, for extra heavy duty, as may be encountered on busy ore 
bridges or other cranes handling bulk material, NEMA class 172 
resistors may be warranted. 



I’u;. 316. Tyj»ii*;il upon typr rranr tia\pl control panel. 


Figure 316 is a view a typical open type crane travi‘1 control 
panel. (Vmtactor.s are arranged at tlie toj) and bottom, with ample 
space al)ovo the arc chutes. Switcho.s anil relays are arranged be¬ 
tween the contactors at a height where they can be reached con¬ 
veniently by an oju'rator. 
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Duplex Bridge Controllers ” 

One or several pairs of motors are often used for the bridge mo¬ 
tion of heavy cranes. Typical examples are gantry or bridge cranes 
on which motors are j)aired on the trucks driving (he legs. Pairs 
of motors arc sometimes used to drive tin* h(*avy man trolleys of ore 
bridges. In such cases it is necesvsary to control all motors com¬ 
prising a drive as a unit» so that the motors accelerate and decelerate 
in unison. The question naturally arises as to what method of ern- 
necting two motors in a duplex controller will obtain satisfact<)ry 
performance under all service conditions. In Chaptei* 12 it is ex¬ 
plained that series motors with correctly design<‘d control lend them¬ 
selves naturally to parallel operation when connecttul to a (*ommon 
mechanical load. No i)articular i)rol)I(‘ms arise as long as both 
motors deliver power to the load. However, when motors an' driven 
by the load during j)lugging, difficulties may l)(‘ c;a ounten‘(l and the 
details of the duplex jnnver circuit are oi importance. 

Shown in Fig. 317 are sev(‘ral possible arrang(*ments of power 
circuits for two series motors. In sketch .1 the armatures of two 
motois A and B are connected in si‘rii*s, and so are their fields, ^^'ith 
this connection, the pair of motors is tr(‘at(‘d just as if it w'cre one 
motor, and the same current flows through both armatures and both 
series fields, during acc^‘l(*ration as well as during ])lugging. This 
connection is widely usc-d on gantry cranes in sliij)yards, wIktc as 
many as four or eight motors, arranged in pairs, may drive the 
trucks. AVith a power system of 250 volts, motors are us(‘(j which are 
rated 125 volts. If motors rated 250 volts were used, th(*y would 
be operated at half their rated speed or at lialf their rated |)ower out¬ 
put. In plants which use many d-c motors at 250 volts, as in steel 
mills, this duplex connection is not considered desirable*, as the 125- 
volt motors would require sj)are j)arts different from the spare ])arts 
for the re.«!t of motors in the plant. From an engineering i)oint of 
view, this control system is entin‘ly satisfactory, but consideTutions 
of plant management may decide against it. 

In sketch B the motor armatures are conn(*cted in parallel and 
the fields in series. Thereby 250-volt motors on a 250-volt line can 
be operated at full output. The same curr(‘nt flows through the series 
fields of both motors, and operation is satisfactory during acceleration 
and during plugging. vSlight differences in armature resistance may 
cause different current to flow in the two armatures, but this does 
not prevent proper operation during i)lugging, as any change in torque 
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causes the current in both fields to change by an equal amount. 
Caution must be exercised in applying this circuit as the fields 
carry twice armature current, and, if standard motors are used on a 
heavy-duty drive, the motor fi(‘Ids an* likely to overheat. 



Fuj. 317. PoShihK' power iireuit'« for Uuplox vrunv bridge controllers. 
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Ttiiy danger is avoided by the eiainoetion of sketch ( \ in which each 
motor armature and its fi(‘ld is connected in parallel with the other 
motor armature and field. A common resistor with common plugging 
and accelerating contactors is used for the luiir of motors. This 
connection is satisfatUcn-y for acceleration, hut veiy poor performance 
is ohtaimul during plugging. A slight difference in internal resistance 
always exists between the two motors. During plugging, the motor 
with the lower resistance draws mon' current, its fi(‘id bi‘Com(‘s 
stronger, its counter emf b(‘coines greatcT, it draws still nauv cur- 
r('nt, and so forth. As a r(‘sult high circulating currcait will flow 
tiu'ough the two motor armatures, and one motor will drive tla* load, 
wiier(‘as tlu' otlu'r motor will ndard the lojid, Ix'tli motors working 
against each other. (\)iint‘ction (’ must not be used for dri\es which 
are jilugged. 

('omu'cting a pluguinu sc'ction (>f th(‘ resistor in -eri(*s with each 
motor fi(‘ld ovt'rcomes this difliculty, as illustratiMl i)y sketcii 1), The 
slight diff(‘ren(‘(‘ in intt'rmd motor roistance Ix'comes an insignifi¬ 
cant ])ortion of tile total resistance' in (‘ach parallel motor path, and 
circulatiim current b(‘t\\('en tin* two motors is supprt'ssi'd effectively. 
Only one set of ae(*('lt‘ratini» contactors is tilt'd, hut tlu'y must lx* of 
twice* the size ol tin' reve'rsing and jilugging contactors. 'Jdius twai 
sizes of eontae'tors are UM'd on tin* same eontroih'i’, w’hieh is obj(*c- 
lionabh* since two s(‘ts of '-pare ptirts must Ix' st(x*k(‘d. 

A j)r(‘fc'rr('d jiowe'r circuit is indicated in sketch E. lOach motor 
armature and field circuit is kept cntire'ly separate, ('jich motor hav¬ 
ing its own resistor and its own set of conttictors. A*- both sides of 
('ach jiaralh*! ])titli ai*(‘ anchored to liiu* ))ot(‘ntial, tin* currt'iits flow¬ 
ing through tin* two motors tii'c substantially (‘(jual, atnl both motors 
divide the load evenly during accelerating as wt'Il as during |)lug- 
ging. All contaet(>rs are of tin* same size so that only one set of 
spare parts needs to lx* provided. 

Another advantage* of this connection is that, in cast* of motor 
failure, one motor can he disconnected and <‘m(*rg(‘ncy operation 
can procc(‘d with one motor at reduced speed. Figun* 818 sllow^s the 
complete powTr circuit of a practical dujilcx controller of the type 
shown in Fig. IU7E. An individual lim* switch in each motor cir¬ 
cuit permits isolating cither motor. Control conn(*cti()ns and con¬ 
tactor closing seepicncc* arc the .same as show'n in Fig. 314 (*xce|)t 
tliat two sets of contactors operate on (*ac}i master sw'itcli position. 
In order to close corresj)onding contactors of both motor circuits 
simultaneously, om* set of accelerating and plugging r(*lays is used. 
A relay transfer switch is included, with which the relay coil cinaiits 
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can be connected to the power circuit of either motor. During normal 
operation, it is immaterial to which motor the relays are connected. 
During emergency operation, however, the transfer switch must be 
closed in the projKT direction to connect the relays to the power 
circuit of the motor which stays in service. 



Fki. 318. Coniplefo ]>ow(T circuit of a <luplpx plup;^inK crane* hrid^c c(mhf)II<'r 

Device nomenclature and contactor closing st'ciiu'iicc same as in Fig. 314. 

Series-Parallel Controllers 

Two scries motors may be accelerated by connecting them first in 
series and then in parallel. W ith the series eonneetion tliey are ac¬ 
celerated to lialf their normal speed, and with the parallel connection 
to full s]>eed. This method of control is used when oj)erati()n at half 
speed or l>elow is fn'ciuent, since the series connection obtains more 
stable speed-tonim* curves in the lower spet'd range, and aeeeleriition 
is smootli, wlien heavy masses are to be moved. Series-parallel 
control is most often used for heavy trolleys and for the slewing mo¬ 
tion of large shipyard cranes. 
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Figure 319 is an elementary diagram of the power circuit of a 
typical series-parallel controller, and a contactor sequence table 
indicates which contactors arc closed on the various master switch 
positions. Plugging is possible, and plugging relays are connected 
across the armature circuit of one motor. During plugging the 
motors are connected in scries, same as on master switch position 1, 
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Fkj. 320. Strp-by-}Ht('j) power circuit diiiKram of sericR-parallol controller. 

except that plugging contactor P remains open, and an additional 
block of resistance is connected in series with the motors to reduce 
the plugging torque to a desirable value. 

For emergency operation with one motor a double-throw cut-out 
switch is provided for each motor. With both motors in service 
the switches are closed in the ^‘in^’ position as shown. When either 
miTtor is taken out of service, its swdtch is throwm in the “ouU^ posi¬ 
tion. This closes a by-pass circuit around the armature of the faulty 
motor, and the remaining motor functions as a single motor with 
straight reversing, plugging control with full voltage applied to that 
motor. During single-motor operation, one half of the plugging 
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resistor section is short-circuited so tliat the plugging torque of one 
motor becomes nearly as great as the plugging torque of the two 
motors. 

As a help in understanding the sequence of operation, the principal 
connections of the motor power circuit on the various master switch 
positions are shown in Fig. 320. On the first step, both motors are 



Fio. 321. Spood-toniue mrv(*R of sorioR-panillcl f(Hit roller. 

in series, with all accelerating reM^tance in the circuit. On steps 2 
to 4 accelerating rebisiance is cut out by the closing of accelerating 
contactors. On master switch position 4, the motors are across the 
line, each absorbing one half line voltage and thus operating at one 
half speed. There is no power loss in external resistance, and this 
method of control is very efficient from the point of view of power 
consumption, if operation at reduced speed is freciuent. 

On the fifth master switch position, the series connection is broken, 
and line contactors close which connect the two motors in parallel. 
The transition is rapid so that the motors do not lose speed. To 
limit the armature current to a safe value, resistance is reinserted in 
series with each armature, and the resistance is cut out automatically 
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in two steps, under the control of definite time accelerating relays. 
Finally, both motors are connected across the line in parallel, and 
they operate at full speed. 

Speed-torque curves, which are obtained with series-parallel con¬ 
trol, are plotted in Fig. 321 for a typical installation. Some variations 
in the curves arc possible, to meet special requirements, by making 
changes in the resistor lay-out. For instance, by varying the 
amount of resistance connected in the circuit on master switch posi¬ 
tion 1, a different amount of starting torque may be obtained. Tlie 
curves are plotted for one direction of rotation only, and the curves 
for reverse rotation arc symmetrical. Torque is expressed in terms 
of per unit torque of both motors, delivered at the shaft of the driven 
machine. A comparison with Fig. 315 shows that in the range 
below half speed the change in speed for a given change in torque is 
approximately halved. 

Armature Shunting 

At no load or at light loads, a series motor attains a very high 
speed, and inserting resistance in series with the motor does not 
obtain any appreciable reduction in motor speed. On fast crane mo¬ 
tions, for instance, man trolleys of ore bridges or slewing motions 
of revolving cranes, the motor size is often determined largely by 
the torque required for fast acceleration, and the free running torque 
may fall well below one quarter of the motor full-load torque. On 
ore bridge propelling drives, a tail wind may unload the motors, 
because of the large area of the structure against which the wind 
may push. To obtain speed reduction on such drives, shunting of 
the motor armature may be employed, the function of which is 
explained in Chapter 2. 

Figure 322 is an elementary diagram of the power circuit of a 
reversing controller with two steps of armature shunting. Connec¬ 
tions are similar to the ones shown in Fig. 314, except that con¬ 
tactors IN and 2N, as well as shunting resistance, are added to the 
armature circuit. On the first master switch position, contactors IN 
and 2N are closed, and a stiff, low resistance shunt is placed around 
the armature. On the second master switch position, contactor 2N 
drops out and the shunting resistance is increased. Contactor IN 
opens on the third master switch position, the shunting connection is 
removed, and the motor operates with straight series connection. The 
corresponding speed-torque curves are plotted in Fig. 323. Definite 
no-load speeds are obtained on master switch positions one and two, 
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and a uniform spread exists between light load speeds on the various 
master switch positions. 

If the drive operates at full speed and the master switch is moved 
back to position two or one, the inertia of the drive overhauls the 
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motor. A negative lu-aking torque is developed by the motor, which 
results in rapid slowing down of the drive. Control sequence of 
contactors should be so interlocked that a definite time delay is 
jirovided between the closing of contactors IN and 2N, so that the 
braking torque is applied in steps and too severe braking is avoided. 

Although armature shunting control obtains rapid slow-down by 
returning the master switch toward the off jiosition, eliminating the 
necessity for plugging, it is advisable to include jirovision for plugging 
in the controller. Plugging of crane drives is such a common per- 



a06 DIRECT-CURRENT INTERMITTENT-DUTY CONTROLLERS 


formance that any crane operator is likely to plug a naotor, even when 
operation with shunted armature would be the desired method of 
slowing down. Plugging a motor with its armature shunted would 
obtain such an excessively high plugging torque that damage to gear¬ 
ing and shafting would be likely to occur. For this reason, a plugging 
coni actor P is indicated in Fig. 322. During plugging, armature 
shunting contactors IS and 2S arc prevented from closing until after 



Fkj. 323. Spood-lonmr curves of mine travel controller with arnuiturc shunting. 

the motor has Ix'cn retarded to practically zero s])eed. Plugging 
relays wliich control the closing of contactor P serve to lock out 
contactors IN and 2N. 

Dynamic Braking * 

On fast-moving crane travel drives it is desirable not to apply the 
mechanical brakes immediately ui)on returning the master switch to 
the off position, h’st severe braking torque be applied at high speed. 
Setting of the brakes is delayed and motor speed is reduced by an 
automatic decelerating sequence, making use of the motor’s ability to 
develop a dynamic braking torque. A similar condition arises in 
case of failure of the power supply and emergency dynamic braking 
may be desired in case of loss of power. 

As has been explained in Chapter 2, dynamic braking can be 
obtained by connecting the armature, the series field, and a resistor 
in a series loop circuit, with no connection to the line. The motor 






DYNAMIC BRAKINCf 


509 


then acts as a series generator, and t!ie kinetic energy of the moving 
masses is dissipated in the dynamic braking resistor. In laying out a 
dynamic braking circuit, care must be taken that the emf of the 
motor armature causes current to circulate through tlio series field 
in tlie same direction in which current flowed before the dynamic 
braking loop w^as closed, as otherwise the dynamic current would 
reduce the series field flux to zero and prevent si‘lf-exeitation. Al¬ 
though it is easy to provide for dynamic braking on a non-reversing 
controller, certain precautions must be taken v^itli reversing con¬ 
trollers, as the direction of armature emf is different in both direc¬ 
tions of rotation. Sev(*ral c<»ntactors are necessary to obtain a 
workable dynamic braking connection. 

If dynamic braking is desired primarily as a decelerating sequence 
upon return of the master switch to the off position, normally open 
contactors, requiring power to close them, may be used. If the em¬ 
phasis, however, is placed on obtaining enuTgency dynamic braking 
in case of power failure, the control system must be based on the use 
of normally closed contactors, which are spring-closed wluai ]K)wer 
is removed from their coils so that they will close their contacts when 
the jiower supply fails. 

Shown in Fig. 324 arc two control systems which obtain dynamic 
braking on reversing controllers. Sketch A is the elementary ])ower 
circuit of a single-motor controlUr. It contains the same basic cir¬ 
cuit elements as given in Fig. 314, but four dynamic braking con¬ 
tactors IDBy 2DBj SDB^ 4I)B have been added, together with a 
block of resistance connecting the series field and armature together. 
The dynamic braking contactor coils are energized as soon us the 
master switch is moved out of the off ])osition, and during normal 
0])eration their contacts are ()])en. They have no effect on accelera¬ 
tion and plugging performance. When the master switch is turned 
to the off i)osition, or when power fails, the contactor coils are de¬ 
energized. In order to obtain proper direction of current flow 
through the series field, only tw’o contactors arc allowed to close, 
and the otlicr two are locked open mechanically. IDB and 2DB 
operate together, and so do 3DB and 4l)B. The mechanical lock¬ 
out consists of a cam shaft, whih is turned one way or the other by a 
pair of solenoids, depending on the direction in which the master 
sw'itcli had been turned. 

When the motor oi)erate8 in the forward direction, the cam shaft 
is turned so that contactors \DB and 2I)B are free to close, but 3I)B 
and ^DB are locked open. While tlie motor is connected to the line, 
current flows through the armature from to A2 and through the 
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field from SI to S2. When the master switch is moved to the off 
position, or when power fails, all normally open contactors drop 
out and IDB and 2DB close. The counter emf of the motor is in 
such a direction that current flows through the armature from A2 to 



A 

Fid. 324. Enirrpjonoy dynamic braking connections for reversing crane travel 
controllers. A. SiiigK'-motor system with mechanically locked contactors. B. 
Wilsoii-ltitchie system for two-motor drives. 

Al, through 2DB and the series field from SI to *S2, through resistor 
and IDB baek to A2. Thus current through the series field is in the 
same direction as before tlie dynamic braking loop was established, 
and self-excitation takes place. 

In case the master switch is turned to reverse, the cam shaft is 
turned so that contactors \DB and 2DB are locked open, whereas 
3DB and 4DB arc free to close. Current then flows through the 
motor armature from .42 to ^1, and through the field from Si to S2. 
Moving the master switch to the off position or a power failure causes 
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contactors 3DB and 4DB to close. The motor counter emf causes 
current to flow through the armature from Al to *42, through 3DB 
and the series field from SI to iS2, and back through the resistor and 
4DB to Al. Current flow through tiie series field is correct, and 
dynamic braking tc^rque is develoj)ed by the motor. 

The mechanical lock-out feature necessary to obtain proper opera¬ 
tion of the dynamic braking contactors prevents the use of standard 
spring-closed contactors. In order to avoid this complication, a 
dynamic braking system has been (leveloi)t‘d for duplex drives, shown 
in sketch B. Named after its inventors, it is generally known as 
the Wilson-Ritchie system. The power circuit is similar to the one 
shown in Fig. 318. However, armature and field of motor A arc 
interchanged, and the .'«enes field is reversed instead of the arma¬ 
ture. Dynamic braking contactors ID/f, 2DB, SDB, 41)B are stand¬ 
ard si)ring-closed contactors which open th(‘ir contacts when the 
master switch is moved out of the ofT position and close w’hcn the 
master switch is returned to neutral or when ])ower fails. 

During forward operation current flow through motor A is in the 
direction (hirrent flow through motor B is in the 

direction .41-.42-M-N2. ^^'hen the dynamn* braking contactors close, 
the armature of motor B i^ connect<‘d to tlu‘ field of motor A so that 
current flows in the direction .12-*! 1-81-N2, and the fiehl is excited 
in the correct sense. The armature of motor .4 is connected to the 
field of motor B, and current flow is in th(‘ dinudion A2-A\S1S2^ 
which is also correct. If <lynamic braking takes place after the 
motors have ojierated in tlie reverse direction, current flow through 
motor B armature and motor A field is rev(*rs(‘d, whereas in motor A 
armature and motor B field it stays the same as for forward opera¬ 
tion. Thus correct field excitation is assured, regardless of direction 
of motor rotation. 

By introducing additional contactors, which change the value of 
resistance in the dynamic braking loojis, the dynamic braking torque 
can be graduated and ^laintained at a higher av(*rage value, while 
the motors decelerate. The iieculiar cross connection betw’een arma¬ 
tures and fields of the two motors prevents dynamic braking action 
from taking place in case one motor fails and emergency operation 
is maintained with one motor only. 

Crane Hoist Controllers * 

The peculiar operating conrlition which governs the design of hoist 
controllers is that the load is under the pull of gravity. To hoist a 
load, the motor must overcome gravity and deliver power to the load* 
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When lowering, the load overhauls the motor, and control of the 
lowering speed is obtained by the motor exerting a retarding torque, 
thus becoming a generator transforming mechanical into electric 
energy which is dissipated as lieat in a resistor or pumped back in 
the line. A light hook, however, may not have sufficient pull to 
overhaul the motor. Therefore, i)rovision must be made to lower 
light loads with power. 

Controllers for general-purpose cranes, handling a variety of loads 
between a light hook and full rated load, use lowering circuits in 
which the motor is connected as a shunt generator with various 
amounts of resistance in series with the armature, the field, or both. 
The principles of motor })erformance and methods for calculating 
speed-torque curves are discussed in Chapter 2. Hoist controllers 
of various manufacturers differ in details of circuit arrangement and 
control sequence. However, they all use the same basic dynamic 
braking circuit, consisting of a parallel connection between armature 
and series field. Hoisting does not present any peculiar problems, 
and the motor operates with straight series connection of armature 
and field. 

The minimum e(piii)nient to be inchiderl in a crane hoist ccmtrol 
panel is listed in NKMA Standards as follows: 

Oiu* double-pole line switcli witli provision lor locking in the open 
position. 

C)ne double-pole control switch and fuses. 

Two automatically reset overload relays, one for each side of the 
line. 

One undervoltage relay. 

One set of hoisting and lowering contactors, mechanically inter¬ 
locked, with provision for opening hotli sides of the line. 

One s(‘t of accelerating contactors, the number of which is gov¬ 
erned by Table 26, and with automatic timing means for at least 
tw'o steps in the hoisting direction. 

If a protective panel is provided, the line switch, overload relays, 
and undervoltage relay arc omitted. All panels must include dynamic 
braking in the lowering direction, with or without power being avail¬ 
able from the line, and in the off position of the master switch. 

Elementary connections of a tyjucal crane hoist controller are 
showm in Fig. 325. To assist in understanding the function of the 
controller, the power circuits corresponding to each master switch 
position are indicated in the step-by-step diagram of Fig. 326. The 



HOISTING 5lf 

resultant speed-torque curves are plotted in Fip. 327. A typical 
crane hoist control panel is shown in Fig. 328. 

Series brakes are most coininonly used. They release only when 
current flows througli the motor ]>ower circuit, that is, when the 
motor develops torque. Thus they will not release if the motor 
power circuit is interrupted, wliich safeguards against a j)ossible run¬ 
away of the load. If shunt brakes are iised, a series relay should 
be connected in the power circuit in lieu of the series brake coils, the 
relay preventing the shunt brake coils from being en(*rgized unless 
motor current flows. Kit her one braki* is us(*d, with fh<* brake wheel 
on the motor shaft, or two brakes an* apj>lied, one on liie motor 
shaft and one on the jack shaft. 

Off Position of Master Switch 

With the master switch in tlie off ]')osition, tne motor is discon¬ 
nected from the line, and lln* brakes are set. An einergcmcy dy¬ 
namic braking circuit is set up, the armature and st*ries field being 
connected in a loop circuit through spring-(‘los(‘d contactor 2l)B. 
WhcTi the master switch is moved from a running position to the 
off position, the dynamic braking circuit assists tin* m('chani(‘al brakes 
in stopj)ing the load, whicli n*duces brak(* wear. Tlie same dynamic 
braking circuit is formed in case of j)ower failuri*, contactor 21)B 
droj)ping out and closing its contact. Powia* failure thus r(*sults in 
sto])i)ing and holding the load by the c(n»ibined action of dynamic 
braking and the mechanical brak(‘s. 

Beyond assisting the mechanical brakes, dynamic braking has a 
greater significance in i)reventing a dangerous run-away of the load 
should the mechanical brakes fail to hold the* load. Brake failure 
may be caused by excessive wear, improjier adjustuK'Tit, or mechanical 
failure of some jiart. If such a c(»ndition aris(*s and the load over¬ 
hauls the motor witliont re.straint by mechanical brakes, the motor 
speed is limited by dynamic braking action as indicated by the off 
position curve of Fig. 327. Dynamic braking cannot stop the load 
and prevent it from moving, but it does prevent acceleration to 
excessive speed and causes the load to be lowered at a moderate 
controlled speed, until the load hits the floor. Such emergency brak¬ 
ing is required as a ‘bnust” by NKMA Standards. 

Hoisting 

When the master switch is turned in the hoisting direction, con¬ 
tactors H and M close (contactors IFW, 2FW, SFW staying closed 
on all positions hoisting) and connect the motor to the line with 
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Fia. 325. Elementary diagram of dynamic braking crane hoibt controller. 
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armature and field in series. Acoelerating contactors lA, 2A, 3A 
close on successive master switcli positions and short-circuit resistor 
sections in steps. On the first two master switch positions^ contactor 
2DB is left closed and the motor is shunted by resistor section J26- 
R7. As was exjdained in Cliapter this connection results in a flat¬ 
tening of the speed-tonpu' curves and in a reduction of light-load 
speeds, as is evident from Fig. 327. Ligld loads can be maneuvered 
more easily, and an empty hook can be jogged more accurately. 

Overhoisting protection must be provided to prevent unshackling 
the hook and droi)ping the load. Overlioist limit switche^ are ar¬ 
ranged so that the hook block lifts a weight and causes the switch to 
trip open. If a control type* limit switch is used the switcli contact is 
connected in series with the coil of contacdor //. AVlun the limit 
switch is tripjied, contactor II drops out, which in turn causes spring- 
closed contactor 21)B to dro]> out. The motor js disconnected from 
the line, the emergency dynamic braking circuit is established, and 
the series brakes set. 

Alany crane users jirefer a j)ow(*r type ovc'rhoist limit switch, such 
as shown in P^ig. KiT. The contacts of the switch are connected 
directly in tla* nu)tor jiower (urcuit, and coniu'ctions are indicated 
by dotted line's in P'ig. 325. When the* limit switch is tripjx'd by the 
hook block, its normally closc'd contacts Ix'tweM'U aS 1-A1 and i42-7?20 
close. The* motor is tlu'n'hy disconiu'cted from the line, and the 
series brakes set, yirovided contactor 21)B is n])(*n. A dynamic brak¬ 
ing circuit is establislu'd through the limit switch contacts and re¬ 
sistor /i^20-/^21. No change takes jilace in the control circuit, and 
contactors stay closc'd, depending on tlu' peisition in which the master 
switch ha})pens to b('. 

Shouhl the ov(*rtrav(‘I occur with the master switch in the first or 
second fiosition, tliat is, with contactor 2I)B clos(*d, a circuit remains 
established through the' series brakes, which stay released. When 
the limit switch trips, tla* load decelerates to a stop but owing to 
the effect of gravity it starts immediately to lower again, until the 
limit switch resets. Then hoisting connections are re-established, 
and the load is hoisted again until the limit switch trips. This 
oscillation of the load continues until the master switch is returned 
to the off position. Contactors 11 and M then drop out, and the 
series brakes set. The oscillation of tin* load described above, al¬ 
though not dangerous, can be avoid(‘d by tin* use of an additional 
current relay, conneet(‘<l in the motor armature circuit, which oper¬ 
ates when the limit switch trips a?id causes 2J)B to open when the 
master switcli is in the first or second j)osition. 
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Fw. 326. Strp-by-stcp power circuit diaisram of dynamic braking crane hoist 

controller. 
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Lowering 

On all master switch positions in the lowering direction, contactors 
L and \DB are closed. Power is applied to the motor with the arma¬ 
ture and field in parallel, and the lowering speed is controlled by 
varying the amount of resistance in the various branches of the 
motor circuit. Refer to Figs. 24 to 30 for the general shape of 
motor speed-torque curves obtained with this dynamic braking con¬ 
nection. 

On the first master switch position, all resistance in tai 's with 
the field is short-circuited, resistance in scries with tlu‘ armature is 
inserted, and section H\-R2 is in series with both the armature and 
the field. Oontactor 2l)B remains closed, which connects the series 
brakes and resistor section Hiy-Rl in parallel with armature series 
resistance R7-R9. This connection causes high lurent to be drawn 
tlinmgh the series brakes, thcr(‘by insuring tlu‘i* ’•t‘It*ase 'Die motor 
ofua'ates with a high fu'Id current, aid pcTformance is along curve 
1-L of Fig. 327. (\jnsid(‘ring the reverse efficiency of the drive dur¬ 
ing low(*ring, the torcpie on the motor with a full load on th(‘ hook is 
somewhere between O.b and O.S pvr unit motor torepu'. Thus full 
load is lowered at aiijiroximately 0.3 per unit sp(*(‘d. 

Moving the master switch to jiosition two causes contactor 21)B 
to op(‘n. The effective resistance in series with the armature is in- 
creas(‘d. Motor performance is along curve 2-//, and motor speed 
is approximately doubled. 

With the mast(T switch in the third position, contactor IFIF is 
drojiped out, and a block of resistance is inserted in sctics with the 
field. The field curnmt is weakened and the motor sp(‘ed increase's. 
An interlock on ^FW interrujits the coil circuit of relay f7^, which 
is of the magnetic time delay drop-out type and has the purpose of 
providing a time delay between the third and fourth stej). 

Turning the master switch to the fourth position drops out con¬ 
tactor 2FWy provided relay (’R has drop])ed out. Another section 
of resistance is inserted in series with the field, causing further 
field weakening. Relay FR insures that, when the master switch is 
moved rapidly from the off jiosition to the fourth jiosition, field 
weakening takes place in two definite stejis, and excessive armature 
current peaks are avoided. To limit the full-load sjieed under the 
weakened field condition to a safe value, contactors lA, 2A, 3^4 close 
in this master switch position, placing the armature across the line 
in series with low-resistance division and making the field 

current substantially indejiendent of load since* high-resistance divi- 



618 DIRECT^URRENT INTfiRMITTENT-DUTY CONTROLLERS 


sion Ii\-R2 is short-circuited by ^A, To insure that the accelerat¬ 
ing contactors close wlien 2FW oi)ens, ihe master switch contacts 
controlling 2FW and the accelerating contactors must overlap. This 
is important. Should the accelerating contactors fail to close when 
2FW drops out, dangerous overspeeding of the motor may result. 



Fkj. 327. SpCH'd-toniiK' (•ui\(*s of dynamic braking cianc lioist controller. 

Contactor LI close^ immediately when 2FW drops out. Con¬ 
tactors 2^1 and 3.1 close in time sequence, as governed by time delay 
drop-out accelerating relays 2AR and which are also used to 

control acceleration in the hoisting direction. With large motors the 
time setting of 2ARy which obtains smooth acceleration hoisting plus 
the pick-up time of contactor 2.4, may be so long as to permit over¬ 
speeding if a heavy load is lowered. Cn large hoist controllers, an 
additional accelerating relay 2ARL is used, the connections of which 
are indicated by dotted lines in Fig. 235. The coil of the relay is 
connected across the motor armature, and it is responsive to the motor 
counter cmf. Thus the relay closes its contact when the motor 
attains a certain speed, and contactor 2.4 closes regardless of whether 
or not relav 2.4i? has timed out. 




LOWERING 


519 


Motor performance is given by curve 4~L in Fig. 327. Accelera¬ 
tion to final speed takes ])Iace according to curves AA-L and Ali-L 
which are obtained when contactors lA and 2*4 close. The motor 
is capable of developing both dynamic braking torque and power 
torque. Thus an empty hook is lowered at high speed. 
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Fig. 32 S Tvpiral open tvpc crano hoi'^t control ])anol. 

On the fiftli and la^t master switch position, contactor 3FW opens 
and further weakens the motor field. The motor accelerates to its 
final lowering speed as given by curve 5-L. A normally closed inter¬ 
lock on 3*4 prevents 3FW from inserting the final field weakening 
block of resistance until after the accelerating contactors have closed 
and the armature is connected across the line. No matter how fast 
the master switch is turned to the fifth point, a definite sequence of 
acceleration in the lowering direction is enforced. 

With the motor operating with weakened field on the fifth step, 
the problem of motor stability deserves consideratirm, as explained in 
Chapter 2. A block of resistance is inserted between con- 
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tactor L and motor terminal A2. This resistor section stays in series 
with the motor on all steps lowering, and it has a considerable effect 
in obtaining a reasonably high break-down torque on the fifth master 
switch position. 

During operation as a shunt generator, the energy delivered to the 
motor from the load must be dissipated as electric energy. Resist¬ 
ance connected in series with the armature on the first, second, and 
third master switch positions absorbs this energy. On the fourth, 
and especially tli(‘ fifth {)osition, part or all of the energy delivered 
to the armature supplies a certain portion of the field excitation. 
With heavy loads, some energy is pumped back into the line. The 
amount of i)ump-ba(‘k is governed largely by the amount of field 
weakening used. The more the field is weakened, which means the 
higher the lowering speed at full load, the more current is pumped 
back into tlie line. When hoist controllers are connected to individ¬ 
ual power j)lants, for instance to Diesel engine-driven generators on 
floating cranes, the amount of field weakening and correspondingly 
the lowering speed must be reduced to such a value as not to cause 
pump-back with the heaviest loads encountered, because such power 
plants cannot absorb ])ump-back energy. 

A similar situation exists when cranes are connected to rectifiers 
without other jiower consumers which could absorb the pump-back 
energy. Either the crane lowering spe(‘d must be limited to a suffi¬ 
ciently low value to prevent jniinp-back, or a protective resistor 
must be connected across the rectifier bus when a ])ump-back condi¬ 
tion arises. An overhauling load on a rectifier bus causes a rise in 
line voltage, which can be used as a signal to connect the protective 
resistor to the line as long as a pump-back condition exists. 

Overtravel protection in the lowering direction is provided only on 
rare occasions, as the floor generally stops downward travel of the 
load. There are cases which reejuire a definite limit in the lowering 
direction, for instance, hoists which raise and lower the booms of 
shipyard cranes, ('ontrol type limit switches are then used and cir¬ 
cuits are arranged so that contactors L, \1)B, 2DB are dropj)ed out, 
setting the brakes and establishing the emergency dynamic braking 
circuit. 

Automatic Deceleration 

Stopping the load involves problems peculiar to hoists. When the 
load is to be stopj)ed during hoisting, gravity decelerates load. The 
motor is simply disconnected from the line and the mechanical brakes 
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set. The brakes have to dissipate only part of the stored energy 
of the moving system since gravity assists the brakes in stopping 
the load. 

An entirely different condition exists when a load which is being 
lowered is to be stopped. Not only has the total kinetic energy of 
the load to be dissipated, but in addition the pull of gravity has to 
be overcome. St(»pping tlu‘ load from full speed by the mechanical 
brakes only would impose a severe duty on tlie brakes, resulting in 
short life of the brake linings. It is j)referable to let rhe motiT 
retard the load by dynamic braking before' the mee'hanical brakes are 
apj)lied. The kinetic energy of a moving mass is j)roj)ortional to the 
square of its sju'ed. If, for instance, the spectl of the load is reduced 
to one quarter of full lowering s])eed by dynamic braking, only one 
sixteenth of the kinetic energy is left to be absorbed by the mechanical 
brakes. 

The control connections of Fig. 325 include an automatic decelerat¬ 
ing sef|uence, when the load is ^topJ)ed from a high lowering sjH'cd. 
A decelerating relay DU is provided, the coil of which is connected 
across field resistor section U2-UI), With the mastiT switch in the 
fourth or lifth position, the relay is picked up and its contacts are 
closed. AMien the niast(T switch is returned rapidly to the first posi¬ 
tion or to the off position, DU relay coil is d(‘-i‘nergi7A'd by the clos¬ 
ing of contactor IFW or th<’ oj)ening of contaidor L. As DU is of 
the magnetic time delay drojwmt type, it stays picked up for an 
adjustable time interval and maintains control circuits to hold con¬ 
tactor 1.DU closed and 2DB open, regardless of master switch con¬ 
tact conditions. The motor decelerates at first with a dynamic brak¬ 
ing loop circuit containing the armature, field, brake coils, and re¬ 
sistor section and the brakes arc* held reh'ased. The timing 

of DR is adjusted so that it drops out when the* load has decelerated 
to approximately one ciuarter of full speed. Wh(‘n DR drops out, 
IDB opens and 2DB closes. The em(*rgency dynamic braking cir¬ 
cuit is then established and the brakes set. A resistor having a 
resistance of approximately three times the coil resistance is con¬ 
nected in parallel with the coil of IDB^ Riving that contactor a slight 
time delay on drop-out. A capacitor of 0.5 to 1 microfarad is con¬ 
nected in parallel with 2DB coil, resulting in fast drop-out due to 
suppression of arcing on DR contact. Thus a slight overlapping of 
IDB and 2DB is obtained, and the dynamic braking loop circuit is 
never interrupted. 
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Grab Bucket Hoist Control ^ 

Grab bucket hoists contain two drums, one for the holding line 
and one for the closing line. Opening and closing of the bucket is 
accomplished by relative motion between the two lines. Pulling on 
the holding line or paying out rope on the closing line opens the 
bucket. Pulling on the closing line or paying out rope on the holding 
line closes the bucket. Either the open or the closed bucket can be 
hoisted or lowered by hoisting or lowering both lines simultaneously. 

Grab bucket hoists are driven either by a single motor or by two 
motors. In the case of a single-motor hoist, relative motion between 
holding and closing line drums is obtained by clutches and band 
brakes which permit turning either or both drums by tlic motor. As 
far as control is concerned, any standard hoist controller which 
provides electric braking is satisfactory and the control of clutches 
and drum brakes is extraneous to the motor control. It is up to the 
operator to manipulate the two drums so as to load and dump the 
bucket. 

Two-motor hoists have one motor cou]>led to each drum and there 
is no mechanical tie Ix'tween drums. These two motors arc generally 
referred to as the holding iiujtor and the closing motor. Each motor 
has its separate control panel and master switch. Relative motion 
between drums is obtaiiu'd by manipulating either or both master 
switches. The dynamic braking hoist circuit of Fig. 325 can be used 
for grab bucket work, provided that some modifications are made in 
the control of the closing line motor. 

Shown in Fig. 329 are the elementary j^ower circuits of a two- 
rnotor grab bucket hoi.st. The holding line circuit is the same as that 
of Fig. 325. The closing line circuit contains several additional 
devices necessary to obtain proper control of the bucket. For an 
illustration of hoist performance, see Fig. 330, in which the speed- 
tongue curves of both the holding line and closing line motor are 
plotted. 

In the hoisting direction, both motors operate in straight series 
connection, and the performance curves for both motors are alike. 
With the bucket resting on the pile a load is picked up by pulling 
on tlie closing line only, until the bucket is closed. Then the full 
bucket is lioisted by the holding and closing lines which divide the 
load evenly. A careless operator might attempt to lift the bucket 
off the pile with the closing line only, leaving excessive slack in the 
holding line, w'hich wH>uld tlirow’ twice normal load on the closing 
line motor and ropes. To avoid this contingency, a current type 
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notch-back relay NBR is connected in series with the closing line 
motor armature. If tlie current drawn by the closing line motor 


LINE 

SWITCH 

lOL 



HOLDING LINE 


+1 

*o line 
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lOL 



Fig. 329. Power circuits of Krah bucket hoist with shunt >?enenilor dynamic 
braking lowering. XoiiK’nclaturc of devices and contactor clo.sing sequence Hutno 
as in Fig. 325, except that the following are added to the closing line: HS. High-> 
speed contactor, opens on fifth master switch position when lowering empty 
bucket. HSR. Load responsive high-speed relay, controls opening of HS, NBR. 

Notch-back relay, prt*vcnts hoisting of full bucket with closing line only. 


exceeds approximately 150 per cent of normal, accelerating con¬ 
tactors 2A and 3A are dropped out, and tiie closing line slows down 
or even stalls. The holding line motor, carrying light load, accelerates 
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to full speed and takes up the slack in the ropes. When the holding 
line is taut and takes its shares of the load, NBR drops out and 
permits the closing line motor to reaccelerate. 

In the lowering direction, both motors have their field connected 
in parallel with the armature. The resistor lay-out for the two 



motors is slightly difTerent so that with full-load torque the closing 
line speed is slightly lower than the holding line speed, in order to 
assure that a loailed bucket, while being accelerated and decelerated, 
has no tendency to crack open and spill its load, as the closing line 
takes a slightly higher load than the holding line. The lowering 
curves of Fig. 330 are typical as far as their general shape is con¬ 
cerned. Actual speeds may vary somewhat, the maximum lowering 
speed corresponding to the fifth master switch position being deter¬ 
mined by bucket design and the specified duty cycle. 

GoikI control requires not only that a loaded bucket be lowered 
without opening but also that an open bucket be lowered without 
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drifting closed. Thus in the region of light-load torques the closing 
line speed is higher than the holding line speed on the fifth master 
switch position. An additional contactor HS controls a section of 
resistance in scries with the closing line motor field. With fIS open, 
the closing line motor field is w’eakened more than the holding line 
motor field. On the fifth master switch position, JJS is controlled by 
relay HSRj wdiich responds to the motor armature current and is set 
to pick up when the motor tonpie exceeds about 0.2 per unit tonjue. 

When an open bucket is about to be lowered, the holding line is 
taut and the closing line is slack. The closing line carries no load 
and relay HSR does not pick up. Contactor HS opens, the closing line 
motor ])erforins along the left half of curve Therefore, tlie hold¬ 

ing line supports the bucket and the closing line drum merely ]Miys 
out rope; the bucket has no tendency to close. If, however, a loaded 
and closed bucket is to be lowered, it hangs in botn lines, which are 
taut. Thus the closing line initially carries appi i»xiinati‘ly fidl load, 
and relay HSR picks up. Contactor HS is i)r(‘vent(‘d irom opening, 
and closing line motor performance is along the right half of curve 
o-L. The closing lin(‘ motor takes a sliglitly Inglier load than the 
holding line motor, and the bucket cannot ojK'n. 

Making HS a spring-closed contactor is dictatcfl by (‘onsiderations 
of safety. A coil failure would prevent //*S from opening, and an 
open bucket would close during lowering. It is a lesser (‘vil than if 
HS were normally ojk'H, and a coil failure would cause a closed bucket 
to open and sj)!!! its load wiiile being lowert'd. 

Dynamic Braking as Series Generator for Grab Buckets 

In Chapter 2, Fig. 22, it is shown that a series motor, with field and 
armature connect(‘d in series with each other through a resistor, acts 
as a series generator and develops a tonjiu’ suitable for retarding an 
overhauling load. The lowering speed can be controlh‘d by varying 
the amount of resistance in the loop circuit. This method of dynamic 
braking lowering is not suited for general-i)urposc crane hoists be¬ 
cause the speed-torque curves do not cross from quadrant 4 into 
quadrant 3 and the series generator connection does not provide driv¬ 
ing torque necessary to lower an empty hook. On grab bucket hoists, 
however, the series generator connection can be used to advantage be¬ 
cause maneuvering of light loads is not required. The hoist motor is 
either well loaded or it is completely unloaded for paying out line, but 
this operation does not require accurate spotting. 

Figure 331 is the elementary power diagram of a single-motor grab 
bucket hoist controller, and a contactor closing sequence table is in- 
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eluded. A corresponding step-by-sicp power diagram is given in Fig. 
332, and the speed-torejue curves are plotted in Fig. 333. Series 
brakes cannot be used because there is no circuit branch carrying 
sufficient current to obtain brake release under all operating condi- 
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Fia. 331. Power circuits of gi’ab bucket hoist with series generator dynamic 

braking lowering. 


lions. Shunt wound solenoid brakes or air-operated brakes must be 
used, which are released whenever the master switch is moved out of 
the off position. 

In the hoisting direction, the motor operates as a straight series 
motor. In the first four positions lowering, the motor is connected as 
a series generator, and speed is controlled by varying the amount of 
resistance in the dynamic braking loop circuit. The motor circuit is 
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connected to the line through resistor section 721-/25, which contains 
approximately t(»n times normal ohms. This high resistance has a 
negligible effect on the speed-torque curves, but it insures a trickle of 
current through the field in the correct direction to insure that self¬ 
excitation takes place. 



Fia. 333. Si»<*rU-torqu<' curve's of Rrab bucket hoist controller in accordance with 

Fig 331. 

Motor connections are changed in the fifth master switch position 
to a sliunt generator connection, with armature and field in parallel. 
The purpose is to obtain driving torque from the motor which is neces¬ 
sary to pay out line and open the bucket quickly. A latch in the 
master switch handle or a foot-operated switch is used to establish 
motor connections corresponding to the fifth step, regardless of master 
switch position, thereby obtaining (piick acceleration or ^^kick-off^' of 
the load. Curve 5-L in Fig. 333 is a composite of two curv’^es, and 
switch-over occurs at approximately 0.3 per unit torque. The left 
part of the curve corresptinds to connections with contactors 1.4 and 
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2A open. When the speed reaches a predetermined value, relay 2ARL 
picks up and causes contactors 1.4 and 2A to close, and motor perform¬ 
ance is along the right part of curve 5-L. Relay 2ARL is connected 
across the motor armature, and it picks up when the motor counter 
emf, which is a measure of speed, reaches approximately 80 per cent 
of line voltage. 

Curve 5-L of Fig. 333 is miicli steej)er tlian the corresponding 
lowering curve of tlie previously described crane hoist controller. 
Sucli a curve would be rather undesirable for general-purpose crane 
hoists, as a wide variation in loads and possible overloads would 
cause great variations in speed. On grab bucket lioists, the load is 
quite definite, and a bucket cannot be loaded beyond a known amount, 
the maximum possible load being determined by the jihysical dimen¬ 
sions of the bucket. Also accurate jogging or spotting is not required, 
and thus a steep lowering curve is quite acceptabk. 

The control system described above can also be applied to two- 
motor hoists. Controllers for the holding and closing lines are sub¬ 
stantially alike. The resistor lay-outs are somewhat different, so that 
the lowering curves for tlie closing line arc slightly above the corre¬ 
sponding curves for the holding line. Also, the previously described 



Fig. 334. Typical installation of open control panels on bridge of traveling crane. 
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not6h-back relay and load-discriminating relay are added to the 
closing line control. 

Controller Installation and Construction 

Many controllers for cranes and steel mill auxiliaries arc conven¬ 
tional as far as their construction and installation are concerned. 



Fki. 335. Cranr conlrol panel of unit base const met ion in hoavT type lA enclos¬ 
ing easr. 


Open or enclosed jianels may be used, depending on local conditions. 
Panels for mill auxiliari('s may be grouped into unit-assembled frame¬ 
works (see Figs. 202 and 203) Avhere spare permits, or they may be 
mounted as individual jninels near the driven machinery. On cranes 
sjiaee is at a pn^mium, and individual panels are generally used for 
each motion. On (raveling cranes, panels and resistors are mounted 
on tlu* bridgt'. Figure 331 >ho\vs a typical installation of open type in¬ 
dividual jianels of standard construction, mounted on the bridge of a 
traveling erane in a ste(‘l mill. 
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On some cranes and related machines, the control equipment is sub¬ 
jected to a considerable amount of vibration, and trouble may be cx- 
I)erience(l because of breakage 
of bases. Unit base assembly, 
where each contactor or a 
grouj) of light-weight devices 
arc mounted on their indi¬ 
vidual ba^es, i)rovides a con¬ 
siderable de^gree of insurance 
against breakage due to vibra¬ 
tion. Shown in Fig. 335 is a 
crane control ])anel, built of 
unit bases, whicli are bolted 
to a supporting franu'work. 

The whole panel is enclosed 
in a gasketed type L4 enclos¬ 
ing case of h(‘Hvicr than nor¬ 
mal construction, with latches 
to keep the doors tight. Such 
construction is suitable, for 
instance, for ingot handling 
cranes whi(‘}i are exposc‘d to 
a considerable amount of semi¬ 
conducting dust. 

Even such construction may 
not be good enough for such 
applications as charging ma¬ 
chines or ingot buggies on 
which the control is subjected 
to severe vibration and shock. 

As a solution, the panel shown 
in Fig. 336 is constructed of unit bases, which are clamped to a steel 
frame, avoiding any mounting holes in the bases. The whole panel 
is supported by heavy coil springs from the top and bottom. 

Floor-Operated Cranes 

Small cranes for general shop use may be operated from the factory 
floor by means of pendant type push or pull buttons or master 
switches, suspended from the crane bridge or trolley by a flexible 
cable. The motor ratings involved are smaller than for cab-operated 
cranes, and they should not exceed 35 hp. Such cranes do not war¬ 
rant elaborate control as customarily used on the larger cranes, and 



Fig. 336. Control panel of unit base eoii- 
struclion with ppring supports for ingot 
buggy. 
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NEMA Standards include recommended practices applying to small 
cranes. 

Contactors may be of a smaller continuous rating than 100 amperes, 
which is the smallest size permitted for cab-operated cranes. Tabic 
28 gives the contactor rating in horsepower and the recommended 
minimum number of accelerating contactors to be used. 

TABLE 28 


Contactor Rating for Floor-Operated D-C Cranes 


Standard 

8-Hour 
Rating in 

Crane Haling 

Horse¬ 
power at 

280 

Minimum Number 
of Accelerating 
Contactors 

Bridge 

and 

Amperes 

Amperes 

Volts 

Hoist 

Trolley 

25 

25 

5 

2 

1 

50 

50 

15 

2 

2 

100 

133 

35 

3 

3 


NEMA also recommends that the following features be included in 
floor-operated crane controllers: 

1. The control for hoists should j)rovide dynamic braking lowering. 

2. Bridge and trolley controllers shoiikl i)rovide plugging protection, 
and the first accelerating contactor could bo used as a plugging 
contactor. 

3. Accelerating contactors should close in sequence under the con¬ 
trol of automatic accelerating means. 

4. Controllers may be built 'with or without motor protection. If 
protection is included, directional contactors and a negative line 
contactor open both sides of the line, and control circuits are 
arranged so that undervoltage protection is obtained. Overload 
relay coils are connected in the positive line to each motor and in 
the common negative line. 

5. Resistors are NEMA class 153 for the hoist, class 154 for the 
bridge, and class 155 for the trolley. 

6. When operated by a pendant button station, the following but¬ 
tons are provided as a minimum on the three-motion crane: 

Hoist Bridge forward Trolley forward 

Lower Bridge reverse Trolley reverse 

If protectitm is included in the controller, the following buttons are 
included: 


Emergency stop 


Reset 



FLOOR-OPERATED CRANES 


533 


As an optional item, additional hand-controlled speed ])oint8 may 
be added for any oi all motions. It may be done by adding extra 
buttons for high and low speed or by using master switch units which 
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Fig 337 Powrr circuits of floor-operated crane. 


close contacts in sequence, depending on the distance the button is 
pushed in, or the units may be lever- or pull-handle-operated. 

Figure 337 is a typical elementary power circuit diagram of a floor- 
operated traveling crane, containing hoist, trolley, and bridge motion. 
The circuits contain the essential elements of corresponding cab- 
operated crane controllers but in a simplified manner. The hoist con¬ 
trol includes dynamic braking lowering with shunt generator connec- 
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tion and speed control by varying the amount of resistance in series 
with the armature. The emergency dynamic braking circuit, which 
also provides deceleration during stopping, is established through 
normally closed back contacts on contactors H and L. To insure good 
contact pressure, holding coils (see Fig. 226E) are used which are con¬ 
nected in the dynamic braking loop circuit. Control for the trolley 
and bridge are of the reversing type. Plugging is possible, provided 
the resistor includes sufficient resistance. 

The contactor closing sequence table is based on the assumption 
that a three-position master station is used. Depending on the details 
of the control circuits, the crane may be operated by a variety of 
master stations. In the simplest case, a pendant push button station 
is used which contains two buttons for each motion, one for each 
direction of rotation. Only one speed is then available, and contactors 
are closed as indicated for position three of the sequence table. 

Automatic timing relays must be included in the controller to obtain 
proper closing sequence of accelerating contactors. 

As an added refinement, two push buttons may be used for each 
direction of rotation on one or all motions, one button for slow speed 
and one button for full sliced. The slow-speed button would obtain 
pow'er connections corres])onding to position one of the sequence table, 
and the full-speed button would obtain connections corresponding to 
position tliree. Fast and slow buttons are often used on hoists to as¬ 
sist in spotting the lojid. Tliey are quite frecpiently used on the bridge, 
but seldom on the trolley, the full speed of which is generally slow 
encnigh to permit accurate jogging with the full-speed button only. 

During the past few years a number of pendant master stations 
have appeared on the market wdiich provide for several speed posi¬ 
tions, One design consists t)f push button units wdiich contain a 
series of contacts. They are closed in sequence, depending on how 
far the button is pressed, thus giving the operator means to select 
operating speed by varying pressure on the button. Another design 
includes miniature drum type master switches with several positions. 
They are operated by a small thumb lever, and they are returned to 
the off position by a spring. A form of master station, which includes 
inherent time delay secpience of contact operation and eliminates sepa¬ 
rate time delay accelerating relays, is shown in Fig. 338. The com¬ 
plete station contains a number of units, one for each direction of 
travel of each moti(m. To operate the unit, the handle is jnilled out. 
Internal construction details are given in tlie cut through the unit. 
Pulling the handle actuates a piston which works against an air dash- 
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pot and causes contacts to close with a definite time delay between 
them. 

Protection is provided by main line contactor M v^hich is coinmon 
to all motions. For this contactor, the control station contains 
momentary contact “stop’' and “reset” jiubh buttons. Piesbing the 
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stop button (hoj)s out M and rcino\es powci from tlu ciani. M also 
drops out in case one of the o\erlo.id relays trips or voltage is lost. 
To reajiplv power to the crane, the reset button must be pressed to 
close Mj thus uiidcrvoltagc juotic turn is obtained ()\(itra\el pro¬ 
tection may be included by coincntional contiol or power tyi)e limit 
switche's 

A topical encdoMcI contiol panel foi a floor-opeiated tiaxelmg crane 
ih shown in Fig 339 Panels aie gcmcially mounted on tlie bridge. 
Because of limitc d hcadioom thev aic built low and wide*. The lifting 
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channel across the top may be removed after the panel has been in¬ 
stalled. Access to the panel devices and the wiring is provided by re¬ 



movable cover plates, as there is generally not sufficient room on the 
crane for swinging door. The j)anel contains all the necessary con¬ 
tactors for the three motions. The resistors are included as part of 
the j)anel, and all resistor connections arc made at the factory. 
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CHAPTER 19 


ALTERNATING-CURRENT INTERMITTENT-DUTY' 
CONTROLLERS 

The general comments in the preceding chapter cm d-c intermittent- 
duty controllers apply also to a-c intermittent-duty controllers. As 
there are comparatively f(*w a-c mill auxiliaries in existence, NEMA 
lias not established any standards for a-c auxiliaivr in steel mills. 
Tlie great majority of intermittent a-c (h'iv(‘s arc* o»- crane's and re¬ 
lated niatc'rial-handling (‘C(ui|)nic*nt. Ah hough a-c motors are in¬ 
herently lc*ss flexil)le and vc-rsatih* tlian d-c motors, thc'y have of late 
been used in large numbers in industry for aiijilic'ations which liad 
jm'viously been considered a domain of d-c motors. Since a-c power 
is generally available wherever industiial jdants are in existence, the* 
use of a-c motors has (he* advantage* that convt*rsion ecpiipment is 
unnecessary. Progress has been made in d(‘vising control systems 
which permit controlling the speed and torc|ue of a-c motors undc*r a 
variety of load conditions. The* ones most generally usc'd are de- 
sc’ribed in this cliajdc'r. As cranc's involve the givatest diversity 
of service conditions, this discussion is based c*ssentially on crane 
practice. 

Cab-Operated Cranes 

As in the case of d-c applications, two basic types of controllers are 
used on a-c cranes. One ty]x* is used primarily fin bridge and trolley 
travel motions requiring starting and stojiping and absorbing the 
kinetic energy of the masses by electric braking, usually plugging. 
The second type of controller is used on hoists and includes means to 
retard an overhauling load. This retardation may be accomplished 
by plugging or various methods of dynamic braking. 

Contactors for crane control panels are applied on the basis of their 
NEMA short-time ratings as given in Table 9 (page 180). Primary 
contactors are selected in accordance with the l)orsepower rating of 
the table. Two-pole secondary contactors have a crane rating of not 
less than the full-load secondary current of the motor. If three-pole 
secondary contactors are used delta-connected, the actual secondary 
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current of the motor may be 1.5 times the crane rating of the con- 
taotors. 

NEMA has also standardized the number of aeeeleratinp; con¬ 
tactors to be used on crane control panels. They are listed in Table 
29. Any low-tonpu* or plu^gin^ contactors which may be used on a 
controller arc in addition to the accelerating contactors listed in the 
table. 

TABLE 29 

NttMBKH f)F Af’f’ELKRATING CoNTAfTORS UhED ON A-C CrANE CoNTROL PaNELS 


Motor 

Horsepower 

Hating 

15 hp and loss 
10 to 75 hp 
7(1 to 200 hp 
Al)<)vt‘ 200 hp 


M inim um N u mher 
of Accelerating 
ConlacUtrs 
2 

3 

4 

5 


Practices recomuKuided by NEMA inchide the following features, 
whicli an* includt'd in standard a-c crane controllers: 

1. A disconnect switch, oj)ening all ))hases of the supply system, 
is provided on each individual control panel or on a protective 
jianel. 'Phe current rating of the switch is not less than the 
(S-hour rating of the line contactor with which it is associat(‘d. 
Means for locking the switch in the oi)en j)osition are included 
as a safety measure. 

2. Overload and undervoltage jmdeetion are included either on 
each control i)anel or on the ])rotective panel. On a two-phase 
system, the overload relays protect t‘tich i)hase. On a three- 
phase system, they protect two jihases. Instantaneous relays 
are commonly used to protect against excessive current and 
torcpie j)eaks. 

3. The same standards, as given in Chapter 18 apply to the master 
switch handle throw. 


Crane Protective Panels 

Standard crane ]m)tective panels include the following equipment: 

One knife switch with lockout, with sufficient poles to o})en all 
phases of the power system. 

One line contactor witli sufficient poles to open all phases of the 
power system. 
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One set of automatically reset overload relays, one double-coil re¬ 
lay or two single-coil relays for each motor. 

Two pilot light receptacles and fusc*s. 

Two control circuit fuses. 



Fkj. 310. Comu'choiis of M-c ]»io<i c ti\ i»an( 1 M Liin c ontsiclor. lOL^ 

2()L, liOL. motor oxnloiul n l.n ^ 

One inonu’ntary contact '‘reM‘t-.stop’' ])u^l» button ‘^t tit ion for con¬ 
trol of tJie line contactor, mounted M'paratc'ly from tlie j)an(*l. 

Th(‘ size of tlie line contactor of i)rotective jianels governed l)y 
the following: 

1. The 8-hour rating shall be not less than 50 ])er cent of the 
combined intermittent-current rating of all motors or l<‘ss than 
75 per cent of the sum of the intermittent-current ratings of the 
motors required for any single crane motion. 

2. In no case shall the line contactor be of a smaller rating than 
the larg(‘st mf)tor primary contactor us(‘fl on any of the panels 
protected tliereby. P'or motors of standard voltages, NliMA 
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has published the ratings given in Table 30 for protective panel 
line contactors. 

Figure 340 is an elementary diagram of a typical three-motor 
crane protective panel. Two pilot lights are connected across the 



power line ahead of the line switch It) indicate that power is available. 
On 220-volt circuits, two standard 110-volt lamps are used in series. 
On higher voltages, a resistor is connected in series with the lamps. 
Off position reset contacts of the master switches for the individual 
motions are connected in series with the reset push button. Thus the 
line contactor can be closed only when power is removed from all 
motors. In case of an overlo«id on any motor, i)ower is removed from 
all motors. 
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TABLE 30 

NEMA Rating of Ijne Contactoiw fou A-C Crank Protective Panelb 


Standard Total Horseptywer Ijargest hvdwiduai 

Miaur Motors Motion Horsepower 


Ampere 

At 2JO 

At 4W find 

At 220 

At 440 and 

Rating 

Volts 

6 /iO Volts 

Volts 

fifiO Volts 

50 

30 

GO 

15 

25 

100 

()5 

125 

40 

75 

160 

no 

225 

00 

125 

300 

225 

450 

150 

300 

(KK) 

450 

9(K) 

301) 

GOO 

m) 

075 

1350 

460 

900 


Protective panels may he ojieii or a front cover niay he included as 
protection for the operator or they may he totnll;' 'Miclosc d. Figure 
341 i.s a vi(‘w of a tyj)ieal enclosed ])roteetive panel. 

Reversing Hoist and Travel Controllers 

The most widely iis(‘d a-c crane controllers are of the straight re¬ 
versing type, witli or without j)lugging. The hasi(* circuits retpnred 
for a i)lugging controlhT are explained in Chapter 12 (s(m* Fig. 248). 
The elementary connecticnis of a compl(*ti‘ crane (‘ontroller are shown 
in Fig. 342. In accordance with NKMA re(‘omm(*nded practice, the 
control panel v'ontains the folI(»wing devices: 

One line switch (trij)le-i)ole for thre(*-i>hase system) with provision 
for locking in the oj)en position. 

One double-pole control circuit switcti and fuses. 

One douhle-coil lor two single-coil) automatically n‘.set overload 
relay. 

One undervoltage relay. 

One pair of reversing contactors (opening all lines) electrically and 
mechanically interlocked. 

One plugging contactor with means for automatically preventing 
its closing unless motor is at some reduced speed. 

One set of secondary accelerating contactors in accordance with 
Tables 9 and 29, with automatic timing means for each contactor. 

The panel as described above includes jirotection. If a panel is 
used w'ith a crane i)rotective panel, the following are omitted: 

One line switch. 

One overload relay. 

One undervoltage relay. 
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—-INDICATES TROLLEY 
CONDUCTOR AND SHOE 

IF SOLENOID BRAKE IS USED 
CONNECT ACROSS MOTOR 
TERMINALS Tl 8 T3 


THREE PHASE POWER SUPPLY 




J27 


28 

127 

34^/'AR 


£7 

^^4A 35^ 

28. 

28 


XI RECTIFIER 



CONTACTOR 

ENERGIZED 

MASTER 

SWITCH 

CONTACT 


IMS 

RECT 

2MS 

F 

3MS 

R 

AMS 

IA 

SMS 

2A 

6MS 

3A 

7MS 

4A 

SMS 

5A 



I X- INDICATES MASTER SWITCH CONTACTS 
CLOSED AND CONTACTORS ENERGIZED 
ON POINTS THUS SHOWN, 



tc 

I7t^^ 

18 . 

4AR 

111 


f c 


_ 

5A 

5AR 1 

L 

fc 



CONTACTOR SEQUENCE TABLE 


MASTER HANDLE 

REVERSE 


FORWARD 1 

POSITION 

5 

4 

3 

2 

1 

i 

1 

2 

3 

4 

5 

F 







X 

X 

X 

X 

X 

R 

X 

X 

X 

X 

X 







IA 

X 

X 

X 

X 




X 

X 

X 

X 

2A 

21 

X 







£ 

X 

X 

3A 

X 

X 








2^ 

X 

4A 8 SA 

X 

_ 


_ 

_ 

L-. 

_ 



__ 
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X-INDICATES CONTACTORS CLOSED 


[ OONTACTOR NOMENCLATURE | 

F 

FORWARD 

MECHANICALLY 

INTERLOCKED 

R 

REVERSE 

IA 

PLUGGING 

2A 

ACCELERATING 

3A 

4A 

SA 


relays I 

NOMENCLATURE 1 

GAP 

SETTING 1 

2AR 



050 

SEC. 

3AR 

ACCELERATING 

"178^ 

125 

TO 

4AR 

“ITF 

100 

RELEASE 

5AR 


1/8" 

075 


OL 

OVERJOAD 

2SO% RATED 

(AUTOMATIC RESET) 

PRIMARY AMPERES 

PR 

PLUGGING 

85% RATED 
PRIMARY AMPERES 

UV 

UNDERVOLTAGE 1 


Fig. 342. Elementar>' connections* of reversing plugging a-c crane controller. 
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REVERSING HOIST AND TRAVEL CONTROLLERS 

With the controller as shown in Fig. 342, symmetrical operation is 
obtained in both directions of rotation. Tlie closing of secondary 
accelerating contactors is controlled by definite time drop-out d-c 
accelerating relays, the coils of which are energized from the a-c con¬ 
trol source through a metallic rectifier. A control transformer is used 
for the rectifier circuit at control voltages alatve 220, in order to ob¬ 
tain a more economical rectifuT. Limit switches for overtravel pro¬ 
tection are connected in series with the coils of the reversing con- 



Ek.. 343 . SptM'd-toniiK' cunc's of plu^r^snij; a-c crane controller. 


tactors. A Thrust or brake is shown connected to the jirimary termi¬ 
nals of the motor. On machinery where a hc'avy mass is moved, 
gradually setting brakes are advantageous as they liring about smooth 
stop})ing. When (juicker Imike setting is desired solenoid brakes are 
used. 

Electric braking is acc()ini)lisheil by jdugging. Th(‘ counter torejne 
of the motor is utilized to bring the drive to a dead stop by el(*ctric 
braking or to effect rajiid reversal. A current limit type plugging 
relay VR prevents the closing of plugging contactor \A and subse¬ 
quent accelerating contactors until the motor current has dropped to 
a low value, indicating that the motor has decelerated to a low speed. 
In Fig. 343 the speed-torejue curves are jdotted which are obtained 
on the various master switch positions. The total resistance contained 
in the r<‘sistor, jilus internal rotor resistance, is twice normal ohms; 
thus the starting torque on the first master switcli position is one half 
normal torfjue. The initial plugging tonpie obtained with such a re- 
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sistor lay-out is approximately ecjual to normal torque. Resistors 
for liglit-duty cranes are NKMA class 152, whereas on heavy-duty 
cranes class 162 is used. 

Reversing controllers with plugging are used primarily on crane 
bridge and trolley drives. Reversing controllers are also used on 
hoists etiuipped with mechanical load brakes so that the motor has to 
deliver power to the load both during hoisting and lowering. Hoist 
controllers are like the travel controller just described, except that 
])lugging is not recpiired. The jdugging relay is omitted. Plugging 
contactor lA is used as a low-tonjiie contactor. The resistor lay-out 
is the same as for a ])lugging controller, the h.w starting toniue on 
the first master switch ])ositi(m being used for maneuvering a light 
load or an empty hook. Speed-tonpie curves (Fig. 343) apjdy to re¬ 
versing drives, regardless of whetluT plugging is used or not. 

A typical nwersing ])lugging a-c crane control panel of open con¬ 
struction is shown in Fig. 341. 

Duplex Controllers 

When two motors are geared to the same drive, and they are con¬ 
trolled simultaiu‘ously from one ma‘<ter switch, a single duj>lex con¬ 
trol panel is used. Figure 345 is an eleim^ntary ])ower diagram of a 
duplex reversing controller. The stators of both motors are con¬ 
nected to the power su])jdy through a common ])air of r(‘V(*rsing con¬ 
tactors. Each motor is protected imlivi<lually by its own overload 
relay. On the diagram shown, a common lim^ swit(‘h is used, assum¬ 
ing that in case of failure of one motor it is not <iesired to maintain 
emergency operation with a singh* motor. Single-motor operation 
could be provided by connecting an individual line switch in each 
motor primary circuit. 

The secondary circuits of both motors jire electrically separated, 
and each motor has its own resistor to avoid the possibility of circu¬ 
lating current flowing b(‘tw(‘en the two motors. However, a single 
set of four-pole accelerating contactors short-circuit corresponding 
sections of both resistors, ("ontrol panel si)ace is reduced, as com¬ 
pared with a panel mounting two separate sets of contactors. Also 
the use of four-j)oIe accelerating contactors insures that resistance 
sections arc short-circuited simultaneously in the two motor sec¬ 
ondaries, resulting in smooth acceleration. 

Any of the conventional methods of controlling accelerating con¬ 
tactor closing sequence may b<» used. With definite time control of 
acceleration, there is no connection lietween i)(»wer circuits and ac¬ 
celerating relays. If single-motor operation is desired, the faulty 
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motor is disoonnectod and no ehanf^es aro required in the control cir¬ 
cuits. If enrr(*nt limit relays or rotor frequency relays are used, such 
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CONTACTOR CLOSING SEQUENCE 
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5 

4 

3 

2 

1 

1 

2 

3 

4 

5 

F 







X 

X 

X 

X 

X 

R 

X 
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NOMENCLATURE OF DEVICES 



FORWARD CONTACTOR 

R 

REVERSE CONTACTOR 

lA 

FIRST 


2A 

SECOND 

ACCELERATING 

3A 

THIRD 

CONTACTOR 

4A 

FOURTH , 


lOL 

MOTOR # 1 

i 1 OVERLOAD 

20L 

MOTOR #2 J RELAY | 



Fkj. 345 . l*()w<'r cirruil.s of a-c rrvorsinK duph'X rontrolirr. 


relays are connected to one of the (wo motors, and in case of single- 
motor operation, a transfer switch is included to connect the relays 
to either motor circuit. 


Hoist Controllers General 

A-c induction motors are inherently less flexible in their speed- 
tonpie characteristics than d-c motors, particularly when the motor 
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is called upon to deliver dynamic brakinp; tonjue to retard overhaul¬ 
ing loads. When an induction motor is driven as a generator by an 
overhauling load in the same directitm of rotation as its flux, the motor 
can develop a retarding torfpie only at speeds above synchronous, 
and in that range speed control is possible by varying resistance con¬ 
nected in the rotor circuit. Below synchronous speetl, no speed con¬ 
trol is possible excej)! with countta* torque obtained by })lugging. To 
obtain more desirable braking tonjue characteristics at s[)eeds below 
synchronous, apparatus extraneous to the motor is necessary. 

When induction motors were first applied to hoists, they were used 
on balanced hoists, particularly mine hoists, vv!u*re a loaded skip is 
hoisted while an emi)ty skip is lowered, requiring the motor to deliver 
driving torcpie in both directions of rotation. Cnbalanced hoists, par¬ 
ticularly crane hoists, used the motor only for hoisting, and loads were 
lowered under the control of mechanical brakes, with the motor dis¬ 
connected from tlie line. Meciianical load brakes w<‘re then intro- 
du(‘ed wliich restrain the load in the lowering direction and reejuire 
power from the motor to drive the loa<l down. Mechanical compli¬ 
cations and higli maint(‘nance ar(‘ unde.sirable f(‘atur(vs of mechanical 
load brakes so that they ar(‘ used only on miscellaneous-duty and in- 
frt‘(|uently op<Tated cnuu‘s. 

For many years, d-c motors were used almost (*xcltisiv(‘ly on cranes 
requiring accurate spotting of the load, and series motors are still un¬ 
surpassed as far as simplicity and flexibility of control is concerned. 
In areas where large blocks of d-c powcT are available, such as in 
steel mills, d-c motors are j)referred. (Vanes which are remote from 
power sources and carry their own gasoline or Diesel power plant are 
generally equipped with d-c drives. The advent of large intercon¬ 
nected a-c power systems for industrial plants, jiroviding low-cost a-c 
power almost everywhere, has given an imj)etus to the development of 
a-c hoist control systems. From an economic point of view the use of 
a-c motors for crane work is desirable since conversion ecpiipment, 
higher d-c distribution system costs, and the additional losses of d-c 
systems can be saved. 

Depending on the accuracy with which a load has to be handled 
and the flexibility re(piired of the hoist controller, cran(*s can be classi¬ 
fied as follows: 

*4. Cranes handling material in bulky such as grab bucket cranes, 
cableways, coal and ore bridges. The load varies between definite 
limits, the maximum load being determined by the dimensions of the 
bucket and the specific weiglit of the material handled, and the 
minimum load being an empty bucket. Accurate inching is not re- 
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quired. A low-torque point is necessary to pay out cable with the 
bucket resting on the pile in order to maneuver the bucket. 

B, Cranes handling miscellaneous work. The load varies over a 
wi.de range. In this category fall shop cranes, power house cranes, 
shipyard cranes. Accurate spotting of loads is necessary, and con¬ 
trol of lowering speeds below synchronous is essential. It is desirable 
to keep changes of speed with variations in load on any master switch 
position to a minimum. 

The following control systems are available to meet the require¬ 
ments of a-c crane hoists applications: 

1. Plugging or counter torque. 

2. Thnistor load brake. 

3. Single-phase stator eoiineetion. 

4. T^nbalanec'd stator conueetiou. 

f). D-e dynamic braking. 

Graduated Plugging ControP * 

The oldest types of a-e hoist controllers, widely used on bulk¬ 
handling grab bucket cranes, accomplish control of the load during 
lowering by connecting the motor primary circuit in the hoisting 
direction and inserting sufficient resistance in the secondary circuit 
so that the load torcpie is greater than the motor torque at standstill. 
The energy transmitted by the load to the motor is dissipated in the 
secondary resi.stor. Speed control is obtained by varying the amount 
of secondary resistance. As several master switch positions are avail¬ 
able to control the amount of jdugging or counter torque developed 
by the motor, such controllers are called graduated i>lugging con¬ 
trollers. 

Figure 346 is an elementary powxr diagram of a graduated plugging 
crane hoist controller. The speed-torque curves obtained on the 
various master switch positions are plotted in Fig. 347. A six-point 
controller is shown, but the number of master switch positions may be 
varied by using a different number of secondary contactors, depend¬ 
ing on the size of the hoist and the accuracy of lowering control 
desired. 

In the hoisting direction, contactor II connects the motor primary 
to the line with correct phase sequence. Secondary contactors are 
closed in sequence on the various master switch positions. Accelerat¬ 
ing relays, such as definite time, current limit, or frequency relays, 
govern the interval between contactors, independent of the speed 
with which the master switch is manipulated. In the hoisting direc- 
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lion, the controller shown does not differ from a conventional revers¬ 
ing controller. 

AVhen the master switch is turned in tlic lowering direction, noth¬ 
ing happens until the sixth position is reached. The motor primary 
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Fkj. 346. PoA^cT circiuth of gradiiat<*d pIu|?i?inR crane hoist coni roller. 


is connected to the line through contactor L with reversed phase rota¬ 
tion, and all accelerating contactors close in sequence. The motor 
accelerates to its full speed which, with an overhauling load, is 
slightly above synchronous. The load is lowered at its maximum 
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speed in accordance with curve 6-L, a very stable curve, preventing 
the motor from overspeeding even with a heavy overload. The motor 
acts as a generator, pumping power back into the line. 

To decelerate the load preparatory to stopping, the master switch 
is moved toward the off position. On the fifth position, contactor L 
opens and contactor H closes, connecting the motor primary to the 
line in the hoisting direction, while the motor still turns in the opposite 
direction. All accelerating contactors are droi)ped out, and the motor 



Fit.. 347. 8iH’e<l-torquc curve's of grmhiatt'd plugj^ing crime hoist controller. 


develojis a weak eouiiti'r tonpie to retanl the load. Turning the 
master switch step by step to ]>osition 1 causes accelerating contactors 
to close, and tlie counter torque is gradually increased, thus bringing 
the load to a stop preparatory to setting the brake in the off position. 
A current type plugging relay PR limits the plugging torque wdien the 
master switch is rajiidly turned to position 1 by preventing contactors 
SA to 6A from closing and curves 2-L and 1-L from becoming etfee- 
tive, until after the motor has decelerated to a low speed along curve 
3-L. 

C^are must be taken to prevent setting of the brake during the tran¬ 
sition between positions 5 and 6 of the master switch, while contactor 
L drops out and contactor II closes. A Thrustor brake, having an in¬ 
herent time delay in setting, stays released during the slight time in¬ 
terval wdiile the motor is disconnected from the line. When a sole¬ 
noid brake is used, a separate brake contactor keeps the brake ener¬ 
gized during the transition j>criod. 
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Although i)luji;ging obtains lowering; spot'cls between zero and syn- 
clironous, it must be recognized that tlie resultant speed-torque curves 
are not ideal for all kinds of iioist applications. The curves are steep, 
a small variation in load corresponding to a large variation in speed. 
Overloads may cause overspe(‘ding of the motor, and the operator 
must exercise care in manipulating the master switch. Additional 
safety devices, responding to motor speed, arc* sometimes emjiloyed. 
Plugging control is well suited for bucket hoists wliich do not rec^uire 
accurate speed control and on which overloads arc not encountered. 
Accurate maneuvering of loads, as r(*(|uired on ])ower house or shij>- 
yard cranes, is diffa'iilt with jilugging control, and this type of control 
is not r(*commend(‘d for such applications. Wherever graduated 
plugging control is able to meet ojHTating rc'cjuircanents, it offers the 
advantage of simplicity. It is the least expensive anil easif‘st to main¬ 
tain tyjH* of hoist control, as it requiivs a minimum amount of electri¬ 
cal e({uipment. 

Lowering Control with Thrustor Load Brake 

Since the basic disadvantage of lowering by counter torque is the 
steejmess of the speed-tonpie curve's, oth(‘r systc*ms of a-c lioist con¬ 
trol aim at pioviding lowering curvc‘s betw(‘i‘n standstill and syn¬ 
chronous speed, which are considc'rably flatt(*r, thus obtaining l(*ss 
variation of sjieed with variations in load on any master switcli 
jKisition. 

Thrustor brakes can be used as load brak<*s, applying a retarding 
torque wliieh vari(*s with motor sp<*(*d. R(*f(T to Fig. 348, wliich is 
an elementary power diagram of a crane hoist controll(*r with Thrustor 
load brake. The motor primary is connectc'd to the line through a pair 
of reversing contactors. A resistor in the motor secondary circuit 
is short-circuited in steps by accelerating contactors. Thus the motor 
power circuit does not differ from that of a conventional reversing 
controller. The only detail which is special is the resistor lay-out. 
The first resistor division, which is short-circuited by contactor lA, 
contains a large amount of resistance, more* than ten times normal. 
This resistor division is ineffective during hoisting, and it is used 
only during lowering. 

The load brake Thrustor is de-energized in the off position of the 
master switch, causing the brake to set. When the master switch is 
turned to any of the running positions, the brake Thrustor is ener¬ 
gized by the closing of either one of two brake contactors. Through 
contactor PB, the Thrustor is connected to the line, and the brake is 
fully released like any conventional brake. When contactor SB 
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closes, the Thruster is connected to the motor secondary circuit, and 
it is thus connected to a power source, the voltage and frequency of 
which vary as a function of motor speed. 
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Fig. 348. Power circuits of crane lioust controller with Thrustor load brake. 


When the hoist motor is at standstill, the secondary frequency is 
equal to line frequency, and the secondary voltage is equal to line 
voltage, multiplied by the turn ratio of the motor primary and sec¬ 
ondary windings. A transformer, connected between contactor SB 
and the Thrustor, has an equal turn ratio. When SB is closed and the 
hoist motor primary is energized at standstill, rated voltage at line 
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frequency is impressed on the Thrustor motor, which thus turns at its 
normal speed and causes the brake to release fully. As the hoist 
motor accelerates, its secondary voltage and frequency decrease pro¬ 
portional to the slip. The Thrustor motor speed decreases at the same 
rate. The thrust delivered by the impeller of the Thrustor decreases 
at a still faster rate. When the hoist motor speed increases to ap¬ 
proximately 0.14 of synchronous, the thrust is no longer high enough 



Fig. 349. Spord-lorqur of crane lioist rontrollrr with Thruntor load brake. 

to overcome the tension of the brake spring, and the brake shoes begin 
to rub on the brake wheel. With increasing hoist motor speed, the 
Thrustor motor speed decreases further, and the brake sets partially, 
the amount of braking tonjue flelivered by the load brake increasing 
with increasing hoist motor spe(‘d, until a balance is established be¬ 
tween the brake torque and the load torque plus the hoist motor 
torque. 

Speed-torque curves obtained witli a hoist controller with Thrustor 
load brake are plotted in Fig. 349. Turning the master switch in the 
lowering direction to the first position causes contactfirs L and SB to 
close. The motor primary is connected to the line with such a phase 
sequence that torque is developed to drive down the load. All avail¬ 
able resistance is inserted in the motor .‘secondary circuit, and the 
torque delivered by the motor is a very small fraction of normal motor 
torque. At standbtill, the Thrustor brake is fully released, but as the 
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lioist motor accelerates, the load brake sets partially, and acceleration 
takes place along curve 1-L, the ultimate speed depending on the load. 
In the second master switch position, contactor lA closes, which in¬ 
creases the power torque delivered by the hoist motor in the lowering 
direction. With a given load, the hoist motor must accelerate to a 
higher speed before the load brake torque equals the sum of the load 
torque and the motor torque, as indicated by curve 2-L. In the third 
master switch position, contactor 2A closes, the motor torque is in¬ 
creased, and curve 3-L obtains somewhat higher lowering speeds. In 
the fourth master switch position, contactor SB opens and PB closes, 
connecting the Thrustor to the line and causing the load brake to re¬ 
lease fully. Accelerating contactors 3A, 4A, 5A close in sequence, 
and the hoist motor accelerates to a speed slightly above synchronous, 
the motor holding the load at a steady speed by regenerative braking. 
On this master swdtch position, motor operation is the same as on 
any conventional reversing controller. 

On many reversing controllers, the fourth is the last master switch 
position. In Fig. 349 a metliod is indicated by which still higher lower¬ 
ing speeds can be obtained with a fifth master switch position. By 
dropping out accelerating contactors 4A and 5A and thus inserting 
resistance in the hoiwst motor secondary circuit, higher lowering speeds 
above synchronous can be obtained, as indicated by curve 5-L. This 
is a connection which has nothing to do with the load brake but can 
be used on any controller utilizing regenerative braking. In selecting 
the amount of resistance connected in the motor secondary circuit, 
care must be taken to limit the resistance to a value which will pre¬ 
vent the motor from exceeding its maximum safe speed with the 
highest load exjiccted to be handled on the crane hook. Although this 
connection permits lowering heavy loads at higher speeds, no gain in 
speed is obtained during lowering of a light hook, when increased speed 
would be most desirable. 

As compared with a graduated i>higging controller, the load brake 
lowering curves 1-L, 2-L, and 3-L provide more stable speeds, and 
loads can be spotted more accurately. A disadvantage is that the 
speed-torque curves corresponding to three master switch positions 
are close together, and the speed range between standstill and full 
speed is not divided evenly between master switch positions. In de¬ 
signing the load brake, it must be taken into account that the rubbing 
between shoes and wheel, wd»en the brake is jiartially released, gen¬ 
erates heat w hich must be dissipate<l by the w’heel. The specific pres¬ 
sure betw*een lining and wheel should be low^, to keep the wear of the 
brake lining at a minimum. 
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Single-Phase Lowering Control 

Ilynaniic braking at subsynohronous s|>(‘e<ls is possible by apply¬ 
ing aingle-pliase excitation to tlie stator and ins(Tting resistance in 
the secondary circuit. It is a special case of ai)piying an unbalanced 
primary voltage, positive and lU'gative secpa'iice voltages being of 
equal magnitude. The motor can be visualized as consisting of two 
motors superim])osed, one motor devehiping })ositive sctjuence torque 
tiie otluT motor dev('loping negative se<juence tonpie, the net torque 
at the motor shaft being tlie net din‘(Ten(*e In'tween the two lurques. 

In a lioist motor, ])ositive sequcajce torque* is in the direction to 
hoist the load, tlius rc'strtiining an oviahauling load. In other worels, 
positive se(iuence tonpu* is (‘(juivalent to count(T tonjue. Negative 
seciuence torejue is in the direction to drive* the hwid in the lowering 
direction. At stainlstill, the positive ami negative * ( fiuc'nce tonpies are 
e(|ual, and the net tonpK* is zero, so that an induction motor with 
single-|)has(* volte.g(* api)lie(l to the stator cannot d(*v( lop a starting 
tonpie. An overhauling load is recpiinai to acci h'ratc* the motor in the 
loweiing diiection. As the ^peecl incn‘ases, the negative s(‘(juenc(* 
tonpie decreases and the ]K)sitiv(* secpience torepa* incri'ases. When 
synchronous spec'd is reach(‘d, tht* negativi* stupuMice tonpa* is Z(‘ro and 
only the p(j.*'itive secpuaice tonpie app(‘ars as a m t dvnaniic braking 
ton]uc. Tims the sjiec'd-tonpie curve, with a large* amount of r(*sist- 
ance in the st'condary, is substantially a straight line through the 
origin, tin* slope of which (U'pends on tlu* amount (»f r(*sistance in tin* 
secondary circuit. 

The Klectric Controller and Manufacturing (’ompany has dev(*lop(*d 
a system of a-c hoisi control employing a singl(*-phas(* lowering con¬ 
nection. Figure .'SoO is an elementary diagram of tin* j)owi‘r circuits, 
and in Fig. 351 tin* resultant sp(*ed-tor(pie curv(*s are plott(*d for vari¬ 
ous master switch jiositions. In the hoisting ilinrtion, contactor clos¬ 
ing seiiuence is the .same as for a conventional r(*v(‘rsing controller, 
and the closing of the accel(‘rating cimtactors is controlled by fre¬ 
quency relays connected to the hoist motor secondary circuit. The 
solenoid brake is eciuiiipeil with a d-c coil wddeh is energized from 
the motor primary circuit through a rectifier. To obtain quick brake 
setting, the brake contactor interrujds both the a-c and the d-c leads 
of the rectifier, when the master switch is r(*turn(‘d to the off position. 

When the master switch is turneil to the first position lower, con¬ 
tactors L and S close, while M stays open. Motor jirimary terminals 
T1 and T3 are tied together and connected to line pha.s<‘ L2, whereas 
motor primary terminal T2 is connected to line |)has(* L3. Single- 
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phase voltage is ap])Iied to the motor primary winding, and contactoi 
lA closes, leaving approximately normal ohms in the motor secondary 
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® INDICATES THAT CONTACTORS CLOSE UNDER CONTROL 
OF FREQUENCY RELAYS IF LOAD CAUSES MOTOR TO 
OVERSPEED 

Powor ciri'\nts of crano controllor with singlo-phiise loworing 

(('oiirtesy The Electnr Controlh'r & Manufacturing Co) 


circuit. Performance is along curve 1-L and full load is lowered at 
approximately 0.7 full-load hoisting speed. 

Turning the master switch to the se<*ond position lower causes con¬ 
tactors S and lA to open and M to close. The motor primary is then 
connected to the line with symmetrical three-phase voltage applied 







SINGLE-PHASE LOWERING CONTROL 


557 


and wRh approximately twice normal ohms connected in the sec¬ 
ondary circuit. The motor develops a limited power torque in the 
lowering direction in accordance wdth curve 2-L. This master switch 
position is intendc'd to he used for driving down a light load or an 
empty hook, which would not overhaul the motor. If this master 
switch position wx're used to lower a heavy load, overspeeding of the 
hoist motor wxuld result. To avoid this danger, freciuency relays 
cause accelerating contactors to close and short-circuit the scf'ondary 
resistor, if the motor should accelerate above synchronous specil. 
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Fici. 351. Speod-torquo curves of crane hoist controller with sinnh'-phaHe lower¬ 
ing. (Courte.sy The Electric Controller A Manufacturing Co.) 

In the third master switch position, all accelerating contactors close 
in sequence, under the control of fre(|uency relays. Automatic accel¬ 
eration is indicated by the broken curves in the power-lowering quad¬ 
rant. With overhauling loads, regenerative braking takes place in 
accordance with curve 3-L. 

Single-phase lowering is accompanied by greater heating of the 
motor than during balanced voltage operation. !Motor heating is 
proportional to the sum of positive and negative seciucncc torque, 
and while low^ering full load, motor heating is approximately twice the 
heating encountered when hoisting full load. Thus the first master 
switch position should not be used to lower the load through its full 
travel. Tlic proper way of operating a single-jihasc lowering con¬ 
troller is to advance the master switch to the second or third position 
and to lower at full si)eed. As the end of the lowering travel is ap¬ 
proached, the master switch is returned to the first position. This de- 
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ccleratcs the load to a feubsynchronous speed, preparatory to stoppinj^ 
by returning the master switch to the off position and setting the 
brake. 



Fig. 352. Open tvi>o unit ha^o n-c crano hoi«t control panel with pinfflo-phase 
lowering. (Courte.^y The Kh ctiic Controller & Manufacturing Co.) 


Sliown in Fig. 3.V2 is an a-e crane hoibt control panel with unit base 
construction. It incorporates single-phase lowering and fretiuency 
relays for controlling contactor be(i[uence. 
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Hoist Control with Unbalanced Stator Voltage 

In Chapter 3 it has been explained that with unlialaneed ])olypha8e 
^oltage applied to the primaiy, the speed-tonpr* runes of an induc¬ 
tion motor are quite different from the ontb obtained with balanced 


r r I 

I'ii 


LINE SWITCH 


4L^ 3L^ 2L^ IL-, 


AUTO 

■ TRANSFORMER 


MOTOR OR 

thrustor 


NOMENCLATURE OF DEVICES 


M LINE CONTACTOR 
H HOIST CONTA CTOR 
L LOWER CONTACTOR 


IL FIRST LOWER 
2L SECOND I PHASE 
3L THIRD I SHIFT 

4L FOUR TH J CONTACTO R_ 

IA FIRST I 
2A SECOND lACCELERATING 
3A THIRD [ CONTACTOR 

4A FOURTH J _ _ 

OVERLOAD RELAY 


lBQElBlllillOilD!9| 
lOB EHaBnOODDI 
iaagaBBnBHl 
■■■■■□□□□□I 

-iBi— 

lai 

■■“1 __ 

■□□I 

_JODI 


i’lo 353 Po^cr (irtuits of crine boM (ontrolb r with unbilanccd primary <on- 
nections (Courlosx C utl<r-H imm( r Im ) 










560 


ALTERNATING-CURRENT CONTROLLERS 


primary voltage. Particular reference is had to Fig. 82, indicating 
how performance curves can be constructed for unbalanced primary 
voltages containing various amounts of positive and negative sequence 
voltage. By [)roper selection of primary voltage conditions, dynamic 
braking can be obtained at speeds below synchronous. 
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Fkl 354. Dotuilh of unbalanced htalor lowc'iins foiincctioiivs. 


One form of a-c crane hoist controller, using unbalanced primary 
voltage, lias been developed by Cutler-IIanimer, Inc.” Figure 353 is 
an elementary diagram of the power circuits. Hoisting connections 
arc conventional, with balanced voltage applied to the stator termi¬ 
nals and speed control by short-circuiting secondary resistor sections. 
To reduce (he amount of resistance re(iuired to obtain a low starting 
tonjue on the first master switch position, one secondary phase is left 
Dpen. Closing of contactor lA on subsequent master switch position /3 
balances the three secondary phases. 
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When the master switch is turned to the lowering positions, an auto- 
transformer is connected to the line phases L2 and L3. Stator termi¬ 
nal T3 is connected to a fixed tap on an overluing section of the 
transformer winding. Stator terminal T2 is connected to various taps 
on the transformer winding, depending on tlie master switch position. 
In Fig. 354 the stator connections are shown in a simiditied manner 
for each master switch posititm, together \\ith the corresponding 



Fi(i. 355 .spcfd-toniue curves of crane hoiwt controller with uiihnlauet cl pniiuiry 
connections, (Courtchy CuthT-Ilainmei, Inc ) 

voltage v(*etor diagrams. The balanced line voltage triangle is indi¬ 
cated by broken lin(*s. The solid lines rc^present tlic voltage triangles 
apjilied to tlie motor juiinary terniinuls. Th<‘sc voltages arc (piitc 
unbalanced, containing various amounts of positive and negative se¬ 
quence voltage. In inaster switch positions 1 to 4, the amount of 
secondary resistance is fixed and the amount of voltage* uiihahuice is 
varied. In the fifth master switch position additional resistance is 
inserted in the secondary circuit. 

The speed-torque curves are plotted in Fig. 355. Lowering speeds 
below and above synchronous are obtained with overhauling loads. 
The slope of the curves, that is, the variation of speed with torcpie, is 
considerably less than with a plugging controller, although the curves 
are not so flat as those obtainable with d-c Iioist controllers. The first 
lowering curve is similar to the ones obtained with a Thrustor load 
brake or with a single-phase excitation, and subsequent curves arc 
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well flpaced apart. Power torque for lowering an empty hook is avail¬ 
able on master switch positions 2 to 5. 

The control system just described employs a fixed amount of volt¬ 
age unbalance on each master switch position. Another control sys¬ 
tem, developed by Westinghoiise Electric Corporation,^* ® introduces 
an unbalance, the amount of which varies with motor speed. The 
power circuits are shown in Fig. 356. Unbalancing the motor primary 
voltage is effected by a saturable reactor, connected in series with one 
stator phase, and a phase shifter network, consisting of a resistor 
and a reactor, connected across all three phases between the line and 
the stator terminals. 

The saturable reactor contains two windings on a common core. 
The main winding is connected in the a-c circuit to the motor. A 
control winding is d-c excited and provid(‘s a d-c flux, over which the 
a-c flux is siiperimpos(‘d. Depending on the amount of d-c excitation, 
the reactor core is saturated to a variable extent. Thus its reactance 
at line frequency varies as a function of the excitation of the d-c coil. 
Connecting this variable reactance in one of the motor stator phases 
produces a variable unbalance of the voltage applied to the motor 
primary terminals. 

A metallic rectifier provides d-c excitation for the saturable reactor. 
Three control networks containing rectifuTs, transformers, and capac¬ 
itors are used to control the magnitude of the d-c excitation. The 
speed detector measures motor secondary voltage and produces a 
signal inversely proportional to motor speed. This signal is balanced 
against a bias voltage obtained from line voltage. A static amplifier 
feeds the difference between bias voltage and speed signal into the 
rectifier sup])lying the saturable reactor excitation. A potentiometer 
resistor, forming i)art of the amplifier circuit, is used to adjust the 
level of d-c excitation as a function of master switch position. In 
Fig. 356 contactors lA, 2A, 3A are shown controlling this resistor, but 
because of tlie small amount of power required for that control cir¬ 
cuit, master switch contacts are generally used directly to short-circuit 
resistor sections. 

The details of the control circuits are quite complicated. A de¬ 
scription and coinjilete diagram as well as an analysis of the voltage 
unbalance obtained can be found in the Wickerham paper.* Contrary 
to the Cutler-Hammer system, the amount of unbalance, that is, the 
relationsliip between positive and negative sequence voltage, is not 
constant on the various master switch jiositions but varies with load 
and spee<l. Thus the speed-torque curves cease to be straight lines. 
Voltage unbalancing is used not only in the lowering but also in the 



HOIST CONTROL WITH UNBALANCED STATOR VOLTAGE 563 

hoisting direction for the purpose of obtaining light-load hoisting 
speeds well below synchronous. 
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Speed-torcpie curves obtained on the various master switch posi¬ 
tions are plotted in Fig. 357. In the first master switch position 
hoisting, the motor is connected to the line with the reactor in the 
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circuit. Curve indicates that a starting torque of 0.6 and a no- 
load speed of approximately 0.9 are obtained. This master switch 
position can be used for maneuvering an empty hook. On the second 
to fifth master switch positions, the reactor is short-circuited, and bal¬ 
anced voltage is applied to the motor primary. Conventional ac¬ 
celeration is obtained, speed being controlled by the closing of sec¬ 
ondary accelerating contactors. 



Fill. 357. fcSpet’d-toicitio (•ur\os of cranr lioiM rontrollor with vaiiablo piimaiy 
reactor. (Courtchy WcMmghouso Kloctnc Coiii.) 

In the lowering direction, the motor primary voltage is unbalanced. 
Positive sequence voltage is supplied from the line as long as con¬ 
tactor II is closed. The reactor is connected in the circuit, and its 
reactance is varied by shifting taps on the speed control resistor in 
the amplifier circuit. In the first three master switch positions, dyna¬ 
mic braking sfieed-tcwque curves are obtained which converge in the 
origin. Thus djmamic braking tor(|uc is available to lower overhaul¬ 
ing loads, but no power lowering of a light hook is possible. The 
lowering curves are (|uite stable and spaced well apart. In the fourth 
master switch position the phase shifter is connected in the circuit. 
The resulting speed-torque curve 4~L shows that a light hook can be 
lowered with power, whereas overhauling loads are lowered with 
dynamic braking. When the master switch is turned to the fifth posi¬ 
tion, balanced voltage with reversed phase sequence is applied to the 
motor primary through contactor IL, the phase shifter being discon¬ 
nected and the reactor short-circuited. Secondary accelerating con- 
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tactors close in sec^ucnce, and regenerative braking takes place in ac¬ 
cordance with curve 5~L. 

Although unbalancing of the motor primary voltage obtains desir¬ 
able spee<l-tor((ue curves superior to those obtained with counter 
torque control when varying loads are tc be lowered accurately, a 
price has to be paid for the imjmived performance characteristics. 
This price is increased heating of the motor. Under any unbalanced 
voltage condition, the net motor torque is equal to the difTerence of 
positive and negative seciuence tonjiies, wlu'reas the motor losses are 
proportional to the sum of positive and negative setpience tonpies. 
This increase in losses must be consid(‘red wiien . elecling a hoist motor 
for a given duty cycle. 

Direct-Current Dynamic Braking" 

Dynamic braking t<»rque for low(‘iing an ovt rnauling load can be 
dev(‘loped by the hoist if its primary is disconnectt‘d from tlie a-c line 
ami excitation is siii)plie<l from a source of dire(‘t curn'ut. (^ontrol of 
the !ow(Ting speed can be (»btained by varying the amount of resist¬ 
ance connected in the motor secondary circuit. 

Figure 358 shows the (‘IcMnentary ]>ower circuits of an a-c Imist con¬ 
troller witli d-c dynamic braking lowering. A small exciter set is re- 
(piired to turnisli d-c excitation. This set consists of a squirrel cage 
driving motor, connected to the a-c jiower line through a conventional 
full-v»)ltage starter, coupl(*d to a flat compound wouml d-c generator, 
the voltage of wliich can be adjusted by a field rheostat. The ex¬ 
citer set is kept running as long as the hoist is in ojxTation. f)rice 
the voltage of the d-c generator has been adjusted so as to obtain the 
most desirable lowering characteristics it is kej)t at that setting, and 
the field rheostat is not touched while the hoist is ojierati'd. 

In the hoisting direction, tlie motor jirimary is connected to the line 
through contactor //. Secondary accelerating contactors close in se¬ 
quence on the various master switch positions. Definite time, current 
limit, or spe(‘d responsive* accel(‘rating n'lays can be used. 

Turning the master switch to the first four jio.sitions lowering causes 
contactor IJB to close. The motor primary winding is connected to 
the d-c generator. The further the master switch is advanced, the 
more resistance is connected in the secondary circuit by dropping 
out accelerating contactors. The speed-torque curves are plotted in 
Fig. 359. The dynamic braking lowering curves slope away from the 
origin at various angles. D-c dynamic braking provides stable lower¬ 
ing of overhauling loads, and the speed is increased by increasing the 
amount of resistance connected in the secondary circuit. Power lower- 
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ing of an empty hook is not possible with the d-c dynamic braking 
connections. For lowering of light loads, a limited amount of power 
lowering torque is made available in the first master switch position 
if the operator presses a latch on the master switch handle. Con¬ 
tactor DB then opens, contactors L and lA close, and the motor is 
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NOMENCLATURE OF DEVICES 
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AC OVERLOAD RELAY 

20L 

DC OVERLOAD RELAY 


Fig. 358. Power eiivuith of crane llol^l controller with tl-c dynamic braking 


connected to the a-c line with appro.ximately twice normal ohms in 
the secondary circuit. 

When the niast(*r switch is tiirne<l to the fifth position lowering, the 
motor primary is disconiu'cted from tlic d-c generator and connected 
to the line with reversed phase rotation. Accelerating contactors 
close in sequence. Curve 5-L indicates motor performance, and con¬ 
ventional regenerative braking is obtained with overhauling loads. 
Wiien the load is decelerated from high speed by returning the 
master switch toward the off position, the accelerating contactors first 
drop out and then reclose in definite time sequence. If the motor w^ere 
suddenly thrown from curve 5~L to curve 1~L, a run-away condition 
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would exist, should the load on the motor be higher than the point 
of intersection between curve 5-L and curve 1-L. Definite time re¬ 
lays control the reclosing of accelerating contactors so that curve 1-L 
cannot be reached until after the motor has been decelerated step by 
step through curves 4-L, 3-L, and 2-L so that a higher braking iorc|ue 
is available on curve 1-L. 

In designing a d-c dynamic braking controller, care must be exer¬ 
cised in selecting the proper magnitude of d-c excitation ciu‘i*enb Tlu 
d-c current must be high enough to jirovide sufficiently high maximum 



Fkj. 359. S])C( (l-toi(nio cunt s of tnine hoist controllor with ti-c thii.tinic hnikiriK 

torque so that the motor will not run away with the maximum over¬ 
load tile hoist may be ealh‘d upon to htindle. A maximum braking 
torque of 1.7 times normal motor torcpie, which corresponds to ap¬ 
proximately 2.5 times normal load on tlK^ hook, is usually ample to 
handle normal hook loads with sufficient margin for handling reason¬ 
able overloails. On the otluT hand, the d-e excitation current should 
be kept low enough to pn'vent (*xcessive heating of the motor. 

Floor-Operated Alternating-Current Cranes 

Small cranes, involving motor ratings of not more than 35 hp for 
any motion, may be operated from the floor instead of from cabs. 
Pendant push or pull button stations or pendant control stations are 
used, such as described in the preceding chapter. Operating speeds 
and loads are smaller than on cab-operalcd general-purposes or bulk¬ 
handling cranes. Hoists are generally equipped with either self-lock¬ 
ing drives (namely, worm gears) or with mechanical load brakes, both 
requiring power for lowering. Dynamic braking is not then required, 
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and conventional reversing control is adequate. Mechanical brakes 
take care of deceleration and stopping. 

Motors should preferably be wound rotor type, although squirrel 
cage induction motors are sometimes used. NEMA has established 
recommended practices governing the lay-out of floor-operated crane 
controllers. The coordination between contactor sizes, hp rating, and 
number of accelerating contactors is given in Table 31. Furthermore, 

TABLE 31 

Contactor Rating for Floor-Opehatkd A-(' Cranes 


Standard 

Crafts Hating Contactor,^ m 

Motor Primary 

S-Hour 


Horsepower 

Horsepower 

Raiiruj in 


at 220 

at 440 and 

Amperes 

A mpt res 

Volts 

6W Volts 

25 

25 

5 


50 

50 

15 

25 

100 

133 

35 

35 


the following stipulations govern design and construction of such con¬ 
trollers: 

1. Hoist controllers are of the reversing ty]>e, if a mechanical load 
brake is used. Otherwise, controllers include lowering by elec¬ 
tric braking means. 

2. Wound rotor motor controllers include jilugging jirotection, using 
the first accelerating contactor as a i)lugging stej). The mini¬ 
mum number of accelerating contactors is two for motors up to 
25 hp and three for motors above 25 hp. 

3. Controllers may or may not include motor protection. If pro¬ 
tection is included, each motor is equipiied with its own set of 
overload relays, which are selected in accordance with the Na¬ 
tional Electric (\r1c. 

4. Resistors are designed to meet classifications 153, 154, or 155, 
depending on the magnitude of the starting torque required. 

Pilot control stations have contacts for at least the following func¬ 
tions : 


Hoist Trolley forward Bridge forward 

Lower Trolley reverse Bridge reverse 

If the panel includes protection, the following additional contacts 
are provided: 


Kinergt'ncy stop 


Reset 
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Provision for additional hand control speed points for either di¬ 
rection of travel may be included as an optional item. 

Shown in Fig. 360 is an enclosed a-c control panel for a floor- 
operated crane. From left to right, it includes control for hoist, 
trolley, and bridge. Reversing contactors are in the bottom row, ac¬ 
celerating contactors in the top row. Several speed points are pro¬ 
vided for each motion, but accelerating relays are omitted. Over¬ 
load relays are mounted on each unit of reversing contactors. At 
the extreme*right are a main line contactor and a set of control fuses. 
All outgoing connections are terminated at terminal boards in the 
front. Resistors are inoiint(‘d behind the base. 
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CHAPTER 20 


MAINTENANCE OF CONTROL EQUIPMENT 

C'ontrollors, like any other operatinj^ efjuipinent, req’ore regular 
inspeetion and niain((‘nanee, Althoup;h niapietie eontrol deviees are 
designed to pcTlonii ndllions of nieehanieal operations without fail¬ 
ure, eaeli deviee eontains parts wliieh are subject to wear, and their 
replacement at the proper time increases grea'ly th(' useful life of 
the devic(‘. Other parts, like contacts, are sui)i(‘'ded to arcing Avhich 
in due course of time constunes the contacts. Maintenance and 
eventual replacement of contacts prevent device failure. Unusual 
service conditions s\ich as moist, dusty, or corrosiv<‘ atmosphere and 
the like may hasten the wear of devices, unless suitable counter 
measures arc taken. 

ManufactuHTs of control (‘(piipment issue detailed instructions on 
how to service tlieir devices. The control user should observ(‘ these 
instructions carefully. H(‘ shoidd also maintain a stock of replace- 
nient parts, purchased from the manufacturer of the original ecjuif)- 
inent, so that worn parts can hv exchanged cjuickly without a pro¬ 
longed shut-down. Manufacturers are pn'j)ar(‘d to make recommen¬ 
dations on renewal jiarts to be kept on hand, and their exi)erience 
over years of activity in the control fi(‘ld enables them to judge 
which parts are most likely to fail and what quantities should be 
stocked for a given installation. The cost of renewal parts should 
be considered by the plant owner as an insurance premium with 
which protection is bought against an (‘xpensivc interruption of 
plant production. 

It is im])ossible to discuss all maintenance problems in this book 
because of the great variety of devices available. However, some 
of the more commonly encountered problems, wdiich arc typical for 
control equipments, are discussed briefly in this chapter. 

Inspection Program 

Good maintenance depends on regular inspection. Many an ex¬ 
pensive shut-down can be avoided if devices are inspected regularly 
by a skilled electrician and replacements are made before parts fail. 

571 
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A list should be prepared of items to be checked at each inspection, 
and this list should be adhered to strictly, to make certain that a com¬ 
plete inspection service is maintained. A regular inspection schedule 
should be established, as casual inspection at odd intervals is of little 
value. 

A convenient portable instrument should be available for checking 
voltage, current, and resistance. Combination instruments are on 
the market, and they are of invaluable assistance in ascertaining un¬ 
usual operating conditions. The following is a list of points recom¬ 
mended to be checked at regular intervals, preferably once a month: 

1. Check control circuit voltage. This check is important, as too 
high a voltage causes overheating of coils and excessive wear on 
magnets due to slamming of the magnet armature. Too low a 
control voltage may cause contactors to close sluggishly so that 
their contacts freeze. 

2. Check for collection of dirt or gum, which may cause excessive 
mechanical wear or sticking of parts. 

3. Check for excessive heating of parts, as evidenced by discolora¬ 
tion of metal parts, charred insulation, or odor. If evidence of 
overheating is found, ascertain the cause and take corrective 
measures. 

4. Check for loose connections, especially if the equipment is sub¬ 
ject to vibration. 

f). Check freedom of mechanical movement by operating devices 
by hand. If sticking or binding is observed, free the parts. 

6. Insjiect contacts for remaining wear allowance and proper con¬ 
tact pressure. On rnulti-jiole contactors check whether all poles 
have substantially the same contact pressure. 

7. Check condition of flexible shunts and look for any evidence 
of breaking of strands. 

8. Check condition of arc chutes and barriers. A certain amount 
of burning and scorching is unavoidable, but parts that have 
been nearly burnt through should be replaced. 

9. Look for worn or broken mechanical parts, especially springs, 
which may recpiire replacement. 

10. On oil-immersed devices, check the oil level and look for evi¬ 
dence of sludging. Dirty oil should be replaced by clean oil, 
after sludge has been removed from device parts. 

11. On enclosed panels with gasketed cover, check condition of 
gaskets and replace if necessary. 
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12. Look for evidence of water or liquid dropping on the control 
equipment. It may result in serious damage, and its cause 
should be remedied. 

13. Make a trial operation of the control, checking for proper se¬ 
quence of contactors and relays, and observe whether any ex¬ 
cessive arcing takes place. 

14. Operate safety devices, limit switches, overload relays, etc., by 
hand and check whetlier they are in operati\'e condition to 
protect the eciuipinent. 

Dust, Dirt, and Grease 

Dry dust and dirt may cause excessive wear of mechanical parts, 
especially pin or knife edge bearings. Dust may include metallic 
particles, forming a conductive jmth and causi..g a short circuit be¬ 
tween current-carrying parts (d‘ oj^posite polanty. Dust accumulat¬ 
ing on the face of interlock or reday contacts may |)revent control 
current from flowing, even tluuigh the contacts are closed mechani¬ 
cally. Dry dust and dirt can be rem<»ved elTectively by blowing the 
controller out with an air liose, using a maxinnun air pressure of 70 
pounds per s(juare inch. A licavy accumulation of sticky dust and 
dirt can he remov(‘d with a h(*avy brush or a wooden s<*raper. 

Orease and oil may cause m(‘chanical sticking of moving parts. 
They are also conducive to the gathering of dust and thus should lx* 
removed. Tliey can be removed by application of a cleaning fluid, 
such as carlnm tetrachloride, with a br\ish or a rag. Do not soak 
parts, especially coils, in th(‘ cleaner, as it may soften and decompose 
insulating paints and varnishes. Ap])Iy enough eleaner to loosen 
the dirt so that it can be wiped off. vSmall j)arts an* preferably 
cleaned with a small paint bru.sh, dipped in tlie cleaner, which per¬ 
mits getting into corners and crevices. 

Loose Joints 

Control equipment contains many bolted joints. It is important 
that connections be kept tight, and a periodic inspection should be 
made to ascertain that panel wiring and outgoing connections are 
tight. It is especially important on ec)uif)ments that are subject to 
vibration. 

Connections to resistors arc exposed to the alternate heating and 
cooling of the resistor units, which tend to loosen bolts and nuts 
holding the connection clamps tight. Resistor boxes are held to¬ 
gether by tie rods which are also subjected to alternate heating and 
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cooling. Resistors should be checked at regular intervals, both for 
tight wire connections and for tight tie rods, as loose joints are likely 
to cause local heating. 

There are bolted current-carrying joints on practically all control 
devices. Loose joints cause localized overheating, which in turn 
causes discoloration of parts. If indications are found that a device 
has been overheated, the high-resistance joint can be located by a 
millivoltmetcr. The overlieating leads to the formation of oxide 
films on the parts joined together. To reduce the resistance of the 
joint, clean the surfaces with a fine file and bolt them together again. 
Do not use sandpaper or silicon carbide j)aper. 

Corrosive atmosplieres may attack the metal in bolted joints and 
high-resistance films may form. If they do form, they should be 
filed off, in the same way as oxide films. Corrosion-resisting plating 
may prove helpful. 

Joints which carry high current, as in bus bars, can be success¬ 
fully protected by silver ))lating. When silver oxidizes, the resistance 
of the oxide film is higher than the resistance of the pure metal. 
However, when the joint heats, the silver oxide is reduced again to 
pure metal and thus silver-covered joints are self-protecting. 

When gases containing sulphur are ])resent in the atmosphere 
conducting ])arts are corroded quite rapidly and high-resistance films 
form. If such a condition exists, the controller should be enclosed 
in a tightly gasketed enclosing case, or an oil-immersed controller 
should be installed. 

Care of Contactors 

Troubles on contactors may be mechanical or electrical. Contactors 
have mechanical parts which move and are subject to wear. On 
contactors which operate frequently, the proper mechanical align¬ 
ment of parts should be checked periodically, following instructions 
issued by the control manufacturer. It is important that contactor 
armatures move freely and with a minimum of mechanical friction; 
otherwise, the magnet may be unable to develop sufficient pull to 
close tlie contactor and drop-out may likewise be impeded. If parts 
bind, they should be readjusted or, if they are worn to such an extent 
that adjustments cannot be maintained, new parts should be used. 

Shunts are subjected to frequent flexing. Although properly de¬ 
signed shunts are able to stand this flexing for millions of operations, 
the attack of corrosive atmosphere may destroy the fine strands of 
wire and cause shunts to break prematurely. Shown in Fig. 361 is a 
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shunt which was destroyed by the presence of liydrogen sulphide in 
the air. The strands were weakened so that tliey broke when the 
sluint was flexed. AVhen assembling shunts during maintenance 
work, care should be taken to install them in exactly the same man¬ 
ner in which they were originally assembled by the manufacturer. 

Pole faces of a-c magnets cannot be protected against rusting by 
protective painting or plating, since a tight seal between magnet 
surfaces is necessary to prevent noise or cliattering. Applicatum of a 
thin film of oil hel])s to prevent the formation of rust, hut it must 
be realized that such an oil film is conducive to the accuuiulation of 
dirt. Tlu‘ dirt, in turn, may cause contactors to stick cIos(‘d. Oil 
may also dissolve the varnish between laminations, forming a gum. 



Fic:. 361. Contactor shunt corroded hy hydroj^cn Milpliide. 


In time, oil oxidizes to form a sticky residue. Cleaning the pole faces 
periodically prevents gum from collecting. 

Noisy magiuds of a-c contactors are <lue to two c(annK)n causes, 
broken })ole shader or low control voltage. Broken j)ole shaders n*- 
sult in flux ])ulsations at twice control voltage frcHpiency, causing a 
loud hum or even cliattering. Broken pole shaders should be re¬ 
placed immt‘diately, as tlie chattering results in (‘xcessive pounding 
of the laminated magnets. Misalignment of contactor i)arts may 
have the same efYect. 

Low control voltage may have the same effect. Even with pole 
shaders the magnet flux is not absolutely uniform but contains j)eaks 
and valleys, alternating at twice control voltage frecpiency. If the 
control voltage is too low, the flux at the low jioint may be insuffi¬ 
cient to hold the magnet sealed against the contact spring pressure, 
resulting in loud humniing or chattering, ('ontrol voltage should 
be checked at the coil terminals, as a high-resistance contact in the 
pilot circuit may result in low voltage at the coil, even though the 
terminal voltage of tlie control circuit may be up to normal. 

High control voltage is ecpially objectionable. It may result in 
overheating of the coils and in excessive wear of magnet ]>ole faces 
and other moving parts owing to excessive meclianical force being 
applied by the magnet. If tlie control voltage is liigher than normal 
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plus the customary 10 per cent allowance, either the control voltage 
must be reduced or special coils must be used. 

Laminated magnets of a-c contactors are subjected to greater 
wear than the solid magnets of d-c contactors. On contactors oper¬ 
ated frequently the ends of the laminations may become mush¬ 
roomed, destroying the insulation between the laminations and re¬ 
sulting in eddy currents, increasing the heating of the laminations 
and the coil. If mushrooming occurs, laminated magnets have to be 
replaced. They may wear out faster than other structural parts of 
contactors. 

Care of Coils 

There are three common causes of coil failure: 

1. Breakage of coil wire. 

2. Overheating. 

3. (k)rrosion. 

The first cause is tlie least likc'ly to occur. Although many coils 
are wound of very fine wire, the use of a good grade of wire and 
proper control of manufacturing methods have practically eliminated 
internal coil failures due to wire breakage. However, the weakest 
point in any shunt coil is the connection of the terminal or lead wire 
to the coil wire. Tliis connection may break if tlie coil is subjected 
to excessive vibration. 

Impro])cr handling or storing of spare coils may cause this joint 
to break. Although lead wires are strong enough to support the 
weight of the coil, they should never be used as carrying handles. 
When storing coils with terminals, care must be taken not to bend 
or otherwise damage the terminals. 

Overheating is a common cause of coil trouble. The fine wire of 
shunt coils melts and oi)en-circuits the coil if the temperature inside 
the coil becomes excessive. Overheating may be caused by high 
control voltage. On a-c contactors an excessive current will flow 
through the coil if the contactor fails to seal properly on account of 
mechanical binding. 

Corrosion may occur in d-c coils if they absorb moisture from the 
air. Electrolytic action may set in between points of different poten¬ 
tial, destroying the coil wire quickly and causing an open circuit. It 
is therefore important to store coils in a dry place and to keep the 
air reasonably dry at the location where controllers are installed. 
For use in locations with high humidity, such as in the tropics, coils 
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should be used which have been given a special moisture-resisting 
finish. 

Coils that have become wet should be thoroughly baked in an oven 
at a temperature between 110 and 125 C. Coils should also be baked 
if they have been dipped in carbon tetrachloride to remove oil or 
greavse. If it is necessary to ai)i>ly a moisture-resistant finish, use 
an approved ins-iilating j>aint or varnish that has been approved by 
the eoil manufacturer. Apply the paint while the coil is still warm 
from baking. A proper tyjK' of paint must be used, .^ln^e some 
paints and varnishes contain thinners that attack cud and wire 
insulation. 

Copper Contact Tips 

Contacts arc naturally subject to a considcral)!** amount of wear. 
Tlic interruption of cm rent cauM*s arcing, wh't’* burns off contact 



362. Sk('f<}i illustrating lip gap and >\ipo or wear allowance, 

material and roughens the contact surfaces. Any contact retpiires 
attention and occasional replacement. Spare contacts slunild be kept 
on hand, especially when contactors operate frequently. 
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It is an essential requirement for good contact performance that 
contacts be adjusted properly. When they close, the movable con- 



Fk;. 3Go. Confnc't tips showing nornuil wrar, not requiring roplaccmcnt. 

tact should wipe in with a rolling and sliding motion. This motion 
breaks oxide films which may form on the contact surfaces and serves 

to keep the contact resistance low. 
Pro})er spring pressure is required 
to (’nable the contacts to carry their 
rated current. As the contacts wear 
away, the spring pressure is naturally 
reduced, and the contactor design 
makes provision for a certain WTar 
allowance which should not be ex¬ 
ceeded. 

Figure 362 illustrates the signifi¬ 
cance of tip gap and wear allowance. 
The instruction sheet su]>plied by the 
manufacturer for a certain contactor 
states the tip gap for new contact tips and the wear allowance, usu¬ 
ally measured between two points of the contactor which arc readily 



Fig. 364. AVorn contiict tips re~ 
quiring rophu'f'mont. 
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accessible, for instance at the tip support. When the specified wear 
allowance has been used up, the contact ti]>s slumld be replaced. 

Contact tips will naturally become roughened in service. They 
cannot be expected to remain smooth an<l clean. If contact tips 
look like Fig. 3G3, they just show^ normal wn^ar and should be left 
alone. When the tips close, they sliould have good alignment and 
make good contact. Contact tips should never be lubricated with 
oil or gr(‘ase, because the burning of the oil upon current inter¬ 
ruption increases the heating of the contacts, increases the contact 
resistance, and shortens their life. 

If evidence is discovered that contacts (»\erhcat, which sIjowh up 
by discoloration, it is an indication that copper oxide has formed. 
Copper oxidizes slowly at room t(‘mperature but rapidly at elevated 
temperatures, (""opper oxide has a mucli higher resistance* than pure 
coi)jH*r and the formation of an oxide film lead-s to ovcrlieating. If 
tlie natural sliding motion of the contacts do(‘s not break the oxide 
film, tlie contacts should lx* cleaned by a few strok(*s with a fine file*. 
Do not file too often, as this removes material unn(*C(*sKarily and 
reiluces the* tij) life. N('vee use sand[)aper or sili(*on carbide jiaper. 

When contact tips have worn to such an extent that the adjust¬ 
ments, as si)(*cified in th(‘ manufacturer’s instructions, can no long(*r 
be maintaimai, new tips should be mstalhxh Tin* contact tips as 
shown in Fig. 304 have worn to such an ext(‘nt tliat proper alignment 
is no longer obtaimal, an<l tliey should be replaced. 

What may hapjx'U if contact tips are })ermitted to stay in service 
too long is illustrated by Fig. 3(15. The tips of tliis contactor had 
worn away so that contact alignment and contact pressure were no 
longer maintain(*d. TIk* ri'sult was severe overheating, causing the 
contact tips to m(‘lt and are violently, with r(‘sultant damage to 
other contactor parts. It could have been avoided bv replacing 
contact tijis at the jirojier time. 

Welding or freezing of contact tips may be caused by excessive 
heating. Contacts wiiich stay clos(‘d for long periods of time with¬ 
out opening do not have a chance to clean their contact surfaces as 
often as contactors which operate more fixxpiently. Contacts wliich 
overheat and freeze while staying closed should be replac(*d by tips 
made of other materials. Silver tips are more suitable for applica¬ 
tions wdiere contactors stay closed for long time intervals, and re¬ 
placing copper tips by silver tips may eliminate freezing trouble under 
such service conditions. 

Many control applications recjuire that contactois close on inrush 
currents considerably in excess of the steady state currents they have 
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to carry. Freezing of contact tips often occurs when the contact tips 
just touch and pass the inrush current. It can be traced in most 
cases to improper build-up of contact pressure which causes the con¬ 
tacts to weld together before tlie rolling and sliding motion to the 
final closed position has been completed. The most common causes 
of contactor freezing upon closing are: 

1, Low control voltage, either at the control source or at the con¬ 
tactor coil on account of excessive resistance in the pilot cir- 



Fig, 365. Contactor damaged by leaving contact tips in service too long. 


cuit. It makes the armature of the magnet sluggish in 
closing, and the armature hesitates in its travel at the instant 
the contact tips touch. This condition can be remedied by 
raising the control voltage (if possible), by using lower voltage 
coils, or by eliminating the cause of high resistance in the pilot 
circuit. 

2. Poor mechanicnl adjustment may have the same effect, as exces¬ 
sive friction of the moving parts also may cause the magnet to 
close sluggishly. The contactor should be given proper me¬ 
chanical alignment, and worn parts should be replaced if neces¬ 
sary. 

3. Contacts may bounce open, after they have first closed, and 
then reclosc, causing an arc to be drawn, which may soften the 
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tip material sufficiently to make the tips weld together. Contact 
bouncing is an inherent fault of a given contactor design^ and 
the manufacturer should supply redesigned parts which elimi¬ 
nate the bouncing. 

If severe service conditions or the presence of corrosive atmosphere 
make it iinpossil>le to ])revent freezing in spite of careful maintenance, 
special contact lips of weld-resistant material may be used in place 
of standard tips. Vario\is alloys and sintered materials are available 
which are superior to either copper or silver in their non-w'plding 
qualities. ^letals wdiich have a high degree t»f weld resistance may 
have other undesirable characteristics, such as high contact resistance, 
short life because* of excc^ssive burning, or low interrupting ability. 
Therefore, tlie control manufacturer shoulil I <* consulted for his 
recommendations, which will be governeel both Ly the design char¬ 
acteristics of the contactor and by the specific requirements of the 
aiiplication. 

Silver Contact Tips 

Many standard small contactors, NEMA size 1 and smaller, are 
equipped with fine-silver contact tips. Silvc^r oxidizes more slowly 
than C()i)])(‘r, and silver oxide has a lower n‘sistanc(‘ than copper 
oxide. As the film of silver oxid<' forms, the contacts are heated and 
the silver oxid(' is reduced to nu'tallie silver. Thus silver contacts 
are self-cleaning, and it is not necessary to remove the oxide film. 

The presence of sulphur in the atmosj)here i.^^ very detrimental to 
silver contacts, vSilver sulfdiide is formed readily. The sulphide film 
has a higii resistance. If tip pressure is light and the circuit voltage 
is low', current may he prevented entindy from flowing. Silver sul¬ 
phide is darker in color than silver oxide. If it forms, th(‘ contacts 
must be cleaned by filing. 

Silver contacts are also used on larger contactors on applications 
where contactors stay closed for long periods of time, as oxidation is 
not likely to cause trouble as in the case of cf)pper contacts. How¬ 
ever, silver is softer than copfier and has lower resistance to mechani¬ 
cal w'ear. It also w’cars aw'ay more rapidly than copper under the 
effect of arcing. Silver contacts should not be used on large con¬ 
tactors that operate frequently. 

Another shortcoming of silver is its greater w'eldability. On con¬ 
tactors wdiich close on high inrush currents, silver ermtaets are likely 
to weld more readily than copper contacts, and silver tips should be 
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used with caution. They may operate satisfactorily for a certain 
number of operations, and then they weld at increasingly frequent 
intervals. If contact tips start to weld after a period of proper 
operation, they should be replaced by new tips. 

‘ If silver contacts give trouble on an application for which copper 
contacts are not suited, consult the manufacturer and obtain his 
recommendations on special alloyed or sintered tips. 

Service from Manufacturer 

If chronic trouble develops which cannot be remedied by the user, 
he should contact the manufacturer of the control equipment, send 
him a sample of the'damaged or broken part, and give as much of 
the following information as possible: 

1. Complete nameplate data of the controller. 

2. Nameplate data and function of the equii)ment on which the 
controller is luscd. 

3. Manufacturer’s requisition or order number, if available. 

4. Duty cycle and details of oj^eration. 

5. Length of time that the equijnncnt has been in service and esti¬ 
mated number of operations. 

(3. Voltage and fre(|uen(*y conditions at the controller and other 
I)ertinent electrical data. 

7. Detailed description of the circumstances under which the failure 
occurred. 

S. Information on any unusual service conditions. 

The following is a list of unusual conditions, which should be 
called to the manufacturer’s attention, as special construction or pro¬ 
tection of the control apparatus may be required: 

Exposure to damaging fumes. 

Operation in damp places. 

Exposure to excessive dust. 

Exposure to gritty or abrasive dust. 

Exposure to steam. 

Exposure to excessive oil vapor. 

Exposure to salt air. 

Exposure to vibration, shock, and tilting. 

Exposure to exj)losive dust or gases. 

Exposure to the weather or to dripping \vater. 

Operation in ambient temperatures above 40 C. 

Installation at altitudes above 6000 feet. 
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A-o contactors, 170 
A-c control circuits (l)asic), 355 
nccclcnition, 362 
(lynaniir hrakiii^, 373 
joppinj?, 356 
j)luj?j?inp, 368 
poll' clmn^iiiiK. 360 
rcduc<'(I vollani' startinji, 358 
rc\'crsinjr. 356 
startinji:, 356 

A-c motor characteristics 87 
j>ol('-cljanirnu; motors, 93 
squirrel eago motors. 91 
.synchronous motors, 128 
wound rotor motors. 108 
Accelerating: contactors, 163 
A<'ccl('ratif)n. of a-<* motors, 362 
of (1-c motors, armatuie control, 
332 

field control, 344 
Adju.stable-vollaKf' systems, 66 
acceleration, 72 
deceleration, 72 
serif's exciter, 74 
shunt jTf’nc'rator control, 67 
three-field generator control, 75 
Am('rican Standard synihols. 5 
Amort i.ssf’ur winding. 132 
Amplidyne, characteristics of. 82 
Amplidyne control circuits, 377 
alternator voltage. 395 
current control, 385 
current limit control. 386 
d-c generator voltage, 382 
positioning control, 392 
reversing plugging, 388 
speed control, 391 
stabilizing, 378 

Angle s’\%’itching of .s*vncl»ronoua mo¬ 
tors, 140 

Anti-hunting, 378 
Armature control, 58 


Armature shunting, control circuits, 
346 

crauf' control, 506 
series motor p<'rforma»i ‘c, 35 
shuni motor la'rformance, 61 
Auto-tran«lormcr starting, basic cir¬ 
cuit.s, 358 

niagm*tic compensator, 465 
manual conq/ensator, 449 
motor ]»(.f* rmamv , 96 

Ha.se material, 28.3 
Hiiiu'tnl if'Ia.Vs, 404 
Brakes, band type, 426 
conni'ctions of, 435 
<li.sk typf*, 426 
dut.v cycif’ application, 434 
opf'iators, 428 
shoe typf’, 427 
sto)iping of load, 432 
tor(|Uf' rating of, 430 
types of. 425 
Bureau of Mines, 310 
Bus bars, 289 

(^able, use on panels, 290 
C’alculation of performani'c ciirv'es, 28 
C’am switches, 447 
Capacitor discharge, 164 
Centrifugal switches, 231 
C'ircuit breakers, 147 
Closf'd cycle control, 78 
C’oil inductance*, 156 
(Commutation limit, 24 
Compensator (starting), magnetic, 
465 

manual, 449 
Compound motors, 64 
('onnection diagrams, 15 
C'onstruction diagrams, 18 
C'ontact tips, copper, 577 
silver, 581 
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Contactors, a-c types, 170 
d-c operated, 176 
high-voltaf?c, 182 
low-voltage, 173 
rating of, 178 
secondary, 181 
d-c types, 145 
accelerating, 163 
pneumatic, 168 
rating of, 153 
shunt type, 147 
Control centers, 312 
Control desks, 316 
Control power soure(‘s, 355 
(^ontrol transformers, 203 
C^nintor emf aeeolc'ration, 338 
Crane controllers, a-c oi)erate(l, 537 
cab-oiK'ratc'd, 537 
d-c dynamic braking, 565 
dupl(*x control, 545 
floor operated, 567 
graduated plugging, 548 
hoist control, g(‘neral, 546 
protective panc’ls, 538 
reversing control, 541 
single-phase lowering, 555 
Thruslor load brake, 551 
unbalanced stator voltage, 559 
d-c operjitr*d, 489 
urmature shunting, 506 
bridge control, 494 
cab-operatc'd, 489 
construction of ]ianels, 530 
du])lex bridge control, 499 
dynamic braking control, 508 
floor-oi)erated, 531 
grab bucket hoists, 522 
hoist control, 511 
installation of panels, 530 
l^rotective panels, 491 
series-parallel control, 502 
trolley control. 494 
Current control, 385 
Current limit acceleration, a-c con¬ 
trol, 363 
d-c control, 337 
Current limit control, 386 
Cutler-Hammer, Inc., a-i* crane con¬ 
trol, 559 

speed governor, 231 


Cutler-Hammer, Inc., synclironoib 
motor control, 478 
Cycling, 325 

Damping motor, 72 
D-c contactors, 145 
D-c control circuits (basic), 322 
acceleration, control of, 337 
armature acceleration, 332 
armature shunting, 346 
cycling, 325 
dynamic braking, 348 
field acceleration, 344 
jogging, 324 
jilugging, 350 
reversing, 327 
shunt field, control of, 330 
starting. 322 

D-c motor characteristics, 20 
compound, 64 
general, 22 
s('ries, 25 
shunt, 50 

Definite tinu* acceleration, a-e con¬ 
trol, 367 
d-c control, 340 
Desks, 316 
Device markings, 10 
tabic of, 12 

Diagrams, conni'ction, 15 
construction, 18 
elemrntar>% 14 
waring, 13 

Doubly fed induction motor, 128 
Draw-out controllers, 313 
Drum swatches, 443 
Dynamic braking, adjustable-voltage 
system, 70 
control circuits, 348 
crane hoists, d-c control, 511 
d-c of a-c motors, control circuits, 
373 

crane hoist control, 565 
squirrel cage motor performance, 
102 

W’ound rotor motor performance, 
115 

series motor performance, 39 
shunt motor performance, 62 
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DjTiamic hrakinK, wound rotor motor 
j>orforman(‘o. 112 

Ebony asbestos. 285 
Eleetric Controller ami Muniifactur- 
inj? Co., eranc' control. 555 
Youngstown limit switch, 238 
Electronic relay.s, 240 
Electronic timers, 243 
Elementary diagram. H 
Enclosing cases, Hureau of Mines, 310 
cla.ssification of, 294 
eU'aram'es for, 303 
dc'sign of, 302 
hazardous locations, 30.5 
matr'Hals for. ,301 

Face plate controlh'rs. 410 
Fiel<l cinant, control of, 330 
Fiehi control, shunt motor", 03 
synchronous niotor^, 130 
Fi(‘ld switching, 55 
Field weakening, 02 
Float .switches, 227 
Fnimt'Works, 293 
F'requency ctiaiiger 120 

FreqiK'ncy control of s(MM»ndarv con¬ 
tactors, ,305 

Frequency convi'rter^, 9S 
Fiise.s, current-limitmg. 410 
low-voltage, 413 

(leneral-juirpose controllers, 451 
a-c* motor controllers, 4.59 
eonibination .starters, 402 
fiill-voltage starters, 4.59 
reduced-voltage start (ts, 403 
synchronous motor controllers, 
470 

wound rotor motor starters, 466 
d-c motor controllers, 451 
definite time .starters, 4.55 
mechanical time starters, 454 
reversing st artcr.*-, 450 
Gmb bucket hoi.st control, 522 
Graduateii jilugging control, 5-48 

Hazardous locations, 305 

Holding coils, 328 


Imiucfion motors, 87 , 

Inductiv(‘ circuits, switching of, 55 
Interlock.s, 154 

Jogging, 324 

Kiiib switches, 196 
Kraemer s(‘l.s, 123 

Limit switclu*s. gi'ared type, 235 
powi'c typ<'. 238 
track type. 2.33 
Voung.stown, 238 
Loss of til Id protection, 399 

Magnetic* eontrol, ndviintagc\s of, 145 
Magnetic tiuu delay relays, 161 
Magiu'ts, a-c 170 
Maintc*nam*<‘, carc' of eoils, 576 
care of camtactors. 574 
coppf'i* contact lips, 577 
dust, dirt, grc'ase, 57,3 
ins]M>«'tion jirograin, 571 
loose joints, 573 
silver c-onlact tijis, .581 
Manu.d controllers, 440 
M:ist<T switchc's, 221 
MaMinuin torcpie, 24 

Neutralizing. 69 

Operators’, protection of, .397 
()]M'ralor.s' panc'Is, 316 
Overload protc'ction, 4(K) 

(he'rload relays, compemsateal, 407 
geaieral, 401 
in."tantaneous, 408 
inverse time*, 410 
thermal, 402 

Paekagf'el control units, 320 
Panel construction, 283 
Panels, eipen, 291 

Panillc‘1 operation, series motors, 27 
.shunt motors, ,54 
Part winding starting, 134 
Performance cui^'es, calculation of, 28 
Phiise reversal protection, 298 
Photoelectric, relays, 245 
Phortotulx's, 246 ^ 
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Pilot devices, 216 
Pliotron oscillator, 252 
Plugging, control circuits, 350 
d-c motor performance, 34 
squirrel cage motor i>erformancp, 
101 

synchronous motor jjerformanco, 
136 

wound rotor motor performance, 
112 

Pneumatic contactors, 168 
Pole-changing control, 360 
Polo-changing motors, 93 
Potential interlocking, 357 
Powc*r factor correction, 142 
Power selsyns, 118 
Prc'ssure switches, 225 
Protection, 397 
loss of field, 399 
overload, 400 
phase reversal, 398 
short-circuit, 412 
imdervoltage, 398 
Push buttons, 216 

Rectifiers, 205 
copper oxide, 206 
selenium, 207 

Reduced voltage starting, control cir¬ 
cuits, 358 

motor performance, 95 
Regenerative braking, squirrel cage 
motors, 101 

wound rotor motors. 112 
Regidating exciters, 81 
Regulator, voltage, 212 
Regulex, 81 

Relays, a-c control, 187 
current limit. 189 
d-c control, 155 
electronic, 240 
magnetic time delay, 161 
motor timing, 188 
overload, 401 
phase failure, 190 
phase reversal, 190 
photoelectric, 245 
resonant, 193 
thermal, 403 . 
voltage, 166 


Resistance, internal, of series motors, 
31 

of shunt motors, 59 
of wound rotor motors, 110 
Resistors, 256 
application data, 259 
cast grid, 261 
classification, 257 
duty cycle rating, 272 
effect of altitude, 269 
enameled, 274 
enclosed, 270 
I)unched grid, 263 
ribbon wound, 265 
spacing, 268 
Thyrite, 280 
wire wound, 267 
Rheostats, 274 
liquid type, 279 

Re versing, a-c control circuits, 356 
d-c control circuits, 327 
induction motors, 100 
series motors. 28 
shunt motors, 54 
Rototrol, 81 

Sclierbius s(ds, 124 

Secondary frequf>nry control, 365 

S(‘<*ondary resistance, 109 

S(*ries excilc'r, 74 

Series g(’nerator connection, 37 

Seri(‘s nrolors, 25 

Series-parallel control, 502 

Short-circuit protection, 412 

Shunt contactors, 147 

Shunt generator connection, 38 

Shunt motors, 50 

Shimtt'd armature connection, ser** 
motors, 35 
shunt motors, 61 
Shunted motor connection, 34 
Single-phasing, 105 
Slate, 285 
Slip, 89 

Slip cycle impedance relaj’, 481 
Slip frequency relay, 474 
Slip regulator, 279 
Solenoids, 419 
Spacing, minimum, 347 
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Speed control, scries motors, 32 
shunt motors, 58 
wound rotor motors, 109 
Speed governor, 231 
Speed-regulating sots, 121 
8p<‘ed-torquo cur\'es, 20 
Squiml cage motors, 91 
Stability limit, 47 
Stabilizing, 378 

Startt'rs, a-c typos, aiito-transformor, 
465 

cunibination, 462 
full-voltago, 459 
priman* reactor, 464 
roducf'd-voltago, 463 
wound rott)r, 466 
d-o typos, definite time, 455 
iiK'clmnical time, 454 
reversing. 456 
Steel mill auxiliaries, 489 
Ste(‘l paru'ls, 284 
Stopping of load. 132 
Suiciding, 69 
Switches?, cam, 447 
centnfugid, 231 
drum. 443 
float. 227 
knife, 196 
limit, 233 
master, 221 

rotation of, 400 
nmtor-starling, 447 
])lugging, 232 
presMiH’, 225 
''^vinbol.wi, 5 

/nchronizing plienomeua, 136 
mchronous motor controlk’rs. 470 
ield application by current-time 
rt'lay, 478 

by slip cycle imi>e(lance relay, 

481 

by slip frequency relay, 474 
by timing relay, 472 
field removal, 476 


589 

Synchronous motor controllers, sqiiir- 
nd cage protection, 477 
Synchronous motors, 129 
Synchronous speed, of flux, 89 
of motor, 130 

Terminal markings, 10 
Terminals, 291 
Thermal relays, 403 
Tliermostats, 228 
Thm*-field generator, 75 
Thrust or, 423 
Thrusto) load brake, 551 
Thyriti', 280 
Timer, eh’ctronic, 243 
Transformers, const ant-volt age, 204 
control, 203 

I^ibalaiM’e of stator voltage, crane 
control, 559 

sipiirrcl cage nmtor pi'rformance, 
103 

wouml lot or motor ]M*rforniance, 
116 

Vnbalanced secondar>' n'sistor, 114 
TiidiTvoltage protection, 323 
rii<ler\’oltage ri’lease, 322 

V-cur\es of synchronous motor, 142 
Voltagi* regulator, 212 
Voltagi’ stabilizei, 204 

Wesfingliouse Electric Corp., a-c 
crane control, 562 
in verse'-time relay, 410 
Heitotrol, 81 

Wilson-Ritchi(‘ system, 511 
Wiring of paneds, 286 
Wiring diagrams. 13 
Wound rotor motors, 108 
Wye-<lelta starting, 67 

Youngstown limit switch, 238 







